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Global navigation satellite system (GNSS) is developing rapidly. Modern GNSS 
technology is facing challenges for researchers to explore. One hot topic is the multi-
system GNSS device. The motivation for the antenna designers is to miniaturize the 
size of the antenna and meanwhile keep its standard performance. It is a challenging 
task for an antenna array design to achieve a wide bandwidth, high gain, small size, 
good coverage, and simple fabrication technique all at the same time. This thesis 
develops several different novel compacts, high gain, and wide bandwidth circularly 
polarized (CP) antenna capable of providing wide coverage for GNSS frequency 
bands from 1.16 GHz to 1.6 GHz to cover the GPS L1-L5 bands, GLONASS G1, 
G2 and G3 as well as the Galileo E5a, E5b, E6, and E1bands. 
 
In the first part of the thesis, the author proposed a new broadband antenna to 
cover the GPS L1-L5 bands, GLONASS G1, G2 and G3 as well as the Galileo E5a, 
E5b, E6, and E1bands. The antenna is composed of four parasitic elements that are 
excited by coupling with the elliptical crossed dipole in the center. By adjusting the 
size of the parasitic element and the edge of the dipoles, the coupling strength can be 
optimized. The antenna employs a single feed and two orthogonally elliptical printed 
dipoles. The dipoles are crossed through a 90° phase delay line of a vacant-quarter 
printed ring to achieve CP radiation. The main problem of an antenna equipped with 
a metallic reflector is often addressed by including a quarter-wavelength space 
between the radiating elements and the reflector to obtain optimal antenna 
characteristics. These can be circumvented by using an artificial magnetic conductor 




(AMC) surface instead of a metallic reflector. The second contribution is the 
development of two novel broadband antennas using two different material of AMC 
substrate which is FR-4 and Rogers RT6006. By combining the crossed dipole 
radiators and the finite AMC surfaces, low-profile multiband CP antennas that are 
nearly completely matched to a single 50 Ω source and have high radiation 
efficiencies have been implemented. The proposed antenna has a 10-dB return loss 
over 1.153 – 2.36 GHz and achieves a peak realized gain of 5.86 dBi. The interesting 
features of the AMC-based crossed dipole antennas are not only their ability to 
achieve high efficiency with a low profile but also to generate additional resonances 
and the corresponding additional CP radiation features. These were utilized to add 
other operating bands or to broaden the antenna bandwidth. Jamming is the act of 
intentionally directing electromagnetic energy towards a communication and 
navigation system to disrupt or prevent signal transmission. GNSS jammers 
broadcast their interference signal in the frequency band used for satellite navigation. 
Consequently, the final contribution of the work is a novel wideband CP anti-
jamming antenna array with the capability of generating multiple steerable beam 
directions and enables effective jammer suppression with negligible phase distortion. 
A 2 × 2 antenna array exhibits a wide bandwidth from 0.995-2.333 GHz and has a 
peak gain of 7.6 dBi. In order to have a compact system, a total antenna array 
miniaturization has been achieved.  
 
Collectively, these contributions advance the state-of-the-art in GNSS 
adaptive antennas in terms of performance, precision, and practicality. 
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CHAPTER 1:  
INTRODUCTION
1.1 BACKGROUND 
Since the deployment of the Global Positioning System (GPS) by the United States 
and a similar GLObal Navigation Satellite System (GLONASS) system by the Soviet 
Union around 1990 [1]–[3], GPS applications have proliferated globally, not only in 
the military arena but also in commercial and consumer markets. While the 
importance of GPS antenna relative to GPS receiver is obvious and remains, the 
performance and cost issues have fundamentally changed.  
 
Application of GLONASS has been minuscule after the dissolution of the 
Soviet Union. The recent recovery of the Russian economy propelled by the oil boom 
has enabled the revitalization of GLONASS, which restarted full constellation 
operation in April 2011. In 2002, the European Union started to develop Galileo. 




Originally targeted to start operation in 2008, Galileo suffered from years of delays 
due to financial and technical troubles. In 2011, its delayed plan was to have full 
global coverage in 2019. China began to develop Compass (Beidou) in the late 
1990s, but has been fast moving in recent years, and is positioned to have a full-
fledged Global Navigation Satellites System (GNSS) within a few years [4]. 
 
Additionally, GPS, GLONASS, and Compass are also being augmented by 
Geostationary Earth Orbit (GEO) satellites to complement their Medium Earth Orbit 
(MEO) satellites. Several other countries have also started their regional satellite 
navigation systems, such as Japan’s Quasi Zenith Satellite System (QZSS). All these 
satellite-based systems constitute the GNSS, with GPS, GLONASS, Galileo, and 
Compass being the four cornerstones with global coverage. The upcoming 
availability of so many satellites, and over such a wide frequency range, in GNSS 
constellations, as well as the move toward more unified code-division multiple-
access (CDMA) approach, in the near future, will offer superior performance and 
lower life-cycle cost, as well as new features and capabilities. These game-changing 
events are also enabled by newly available low-cost software-defined radio (SDR) 
technologies and the unprecedented global economy. To meet the anticipated market 
needs, GNSS receivers covering two or more GNSS systems have been developed 
and deployed at fairly low costs.  




1.1.1 Radio Frequency (RF) Performance Parameters of GNSS 
Antennas  
The impact of the fundamental changes from GPS to GNSS has been recognized and 
taken advantage of by receiver manufacturers. Several GNSS receivers have recently 
shown up in the marketplace, and they can easily adapt to large future changes in 
GNSS waveforms since they are based on SDR technology. In the commercial world, 
SDR development and application have been growing rapidly since about 2000. On 
the other hand, SDR antenna development has not had such success as the receiver. 
In this context, RF performance parameters of GNSS receive antennas will be 
discussed, highlighting changes from those for conventional GPS.  
 
1.1.1.1 Operating Frequencies and Bandwidths  
 
Table 1.1 displays signals and constellations of the four major GNSS 
systems: GPS, GLONASS, Galileo, and Compass, with the data on maximum 
bandwidths largely derived from [4] and [5] for interoperability issues. GNSS spectra 
are spread densely across 1146 to 1616 MHz, covering a frequency bandwidth of 
470 MHz. Obviously, future GNSS antennas will strive to cover more bands and 
constellations like antennas driven by the receivers. 
 
Since the receivers will be increasingly more able to cover the entire GNSS 
spectrum and take advantage of it, it is desirable and sometimes necessary that their 
antennas’ operating frequencies and bandwidths be consistent with those of the 
receivers. Additionally, large bandwidths are needed to mitigate detuning due to 




changes in the antenna’s installation environment. In practical applications, there is 
also a growing trend for GNSS antennas toward multifunction that covers not only 
GNSS but also some satellite communications such as satellite radio, Iridium, etc. 
 
Table 1.1: Frequency and Constellations of GNSS Systems 
 GPS GLONASS Galileo COMPASS / Beidou 


















G1: 1602.000 + k 
× 0.5625* 
G2: 1246.000 + k 
× 0.4375* 


















Figure 1.1: GNSS Frequency Bands [6]. 




These satellite systems are fundamentally similar, and one can typically 
develop technology that generally applies to all of them. The research presented in 
this work, which focuses on the receiver antenna and its associated signal processing 
that applicable to any GNSS system so long as the antenna and antenna electronics 
are designed for the required frequencies. In this work, the term “GNSS antenna” 
will be frequently used to refer to an antenna designed for any one or multiple 
satellite navigation systems. The frequency bands for these GNSS systems and 
performance requirements of a GNSS antenna prototype are shown in Figure 1.1 [6] 
and Table 1.2 respectively.  
 
Table 1.2: Performance Requirements of a GNSS Antenna Prototype 
Parameter  Requirement 
Resonant Frequency or Operational  
Frequency  
E1 – E6; L1, L2, L5; G1 – G3; B1 – B3 
1.16 to 1.30 GHz and 1.52 to 1.61 GHz 
GPS, GLONASS, Galileo and 
BeiDou/COMPASS 
Bandwidth (VSWR < 2:1) At least 103 MHz on L1 band  
Polarization Right Hand Circular Polarization 
(RHCP)  
Axial Ratio 0 dB to 3-dB at boresight  
Gain Variation Less than 15 dB from Zenith to 10° 
elevation angle  
Zenith Gain Greater than 0 dBic (desired)  
Desired to Undesired Ratio (D/U) Minimum 20 dB at 45° Elevation angle 
 




1.1.1.2 Radiation Pattern and Polarization 
 
Polarization can be defined as the track of the electric field vector for travelling EM  
waves. An antenna can be classified as linear polarization (LP), elliptical polarization 
(EP) and circular polarization (CP). Right hand circular polarization (RHCP) and 
left-hand circular polarization (LHCP) are two types of circular polarization. The 
axial ratio (AR) can be defined to measure the level of CP. The AR is 0 dB for a 
perfect CP antenna. Usually, when the AR is less than 3 dB, the antenna is a CP 
antenna.  
 
Figure 1.2 depicts two ideal elevation gain patterns, one before and one after 
2010, to highlight the fundamental changes. The polar patterns are in spherical and 
rectangular coordinates, with the z-axis pointing to the zenith. The gain pattern 
optimizes gain and coverage for satellites over 0° ˂ 𝜃 ˂ 𝜃𝑐 and mitigates problems 
due to multipath from satellite platform, ionosphere, troposphere, and platform 
environment, as well as interferences and noises over 𝜃𝑐 ˂ 𝜃 ˂ 180°. The sharp turn 
at elevation “cutoff angle” 𝜃𝑐 is a major design difficulty; a real-world GNSS antenna 
generally has a smooth cardioid pattern with hemispherical coverage. 𝜃𝑐 is a crucial 
parameter varying between applications but is moving higher toward the zenith with 
the advent of GNSS [6].  





Figure 1.2: Ideal antenna gain patterns for GPS antennas (1985–2010) and GNSS 
antennas (after 2010) [6]. 
 
A minimum antenna gain, 𝐺𝑚𝑖𝑛 in RHCP is desired over angles 𝜃 < 𝜃𝑐 . 
Generally, 𝐺𝑚𝑖𝑛 > -10 dBic in RHCP is needed to provide sufficient signal-to-noise 
ratio (SNR) for detection. But this low gain requirement can be further relaxed by up 
to 10 dB or so by using various software and hardware techniques for applications 
with the lower precision requirement. At elevation angles below 𝜃𝑐, i.e., 180° > 𝜃  > 
𝜃𝑐, a vanishingly small gain is desired to mitigate terrestrial multipath and 
interference signals generally strong near the horizon.  
 
The ideal gain pattern and spatial coverage vary from application to 
application. Before 2010, conventional GPS generally called for 80° > 𝜃𝑐 > 70° for 




terrestrial applications and 100° > 𝜃𝑐  > 80° for airborne applications. After 2010, 
GNSS applications are expected to move toward a higher cutoff elevation angle, 
probably about 70° > 𝜃𝑐  > 50° for terrestrial applications and 80° > 𝜃𝑐  > 60° for 
airborne applications. 
 
1.1.1.3 Multipath Mitigation and Interference Suppression  
 
The multipath rejection performance of an antenna can be investigated with the help 
of a desired (D) to undesired (U) signal ratio. In general, the multipath due to the 
ground reflections can be mitigated by passing the D signals at positive elevation 
angles into a reasonable gain GNSS antenna and by attenuating the U signals at the 
corresponding negative elevation angles with the help of an antenna radiation 
pattern.  
 
The antenna is primarily a spatial filter to elevate the SNR of line-of-sight 
signals from selected satellites, by suppressing multipath and interference signals. A 
GNSS antenna with higher cutoff angle 𝜃𝑐 above the horizon and a good axial ratio 
(or low cross polarization) would have higher antenna gain over noise temperature 
to detect low line-of-sight CDMA signal desired, as demonstrated in the QZSS tests. 
To suppress multipath and interference signals below the cutoff angle C, choke ring, 
resistive loading, conducting ground plane, or metamaterials are placed at the rim of 
high-performance GPS antennas. The anticipated change in 𝜃𝑐 would affect their 
design methodology and usage in GNSS antennas, as they are generally bulky, 
heavy, and expensive. 
 




1.1.1.4 Phase Center Stability (PCS) 
 
Stability of a GNSS antenna’s phase center over frequency and spatial angles is a 
serious problem for high performance GNSS antennas, especially as they strive to 
cover more GNSS bands and wider bandwidth. This is an ultimate performance 
parameter as well as a limitation posed by the GNSS antenna [7], which will be 
addressed later. 
 
The observed values in navigation and positioning system are based on the 
phase center, PC of receiver antenna; thus, the accuracy of positioning system was 
directly affected by the precision of PC [8]. In reflector antenna system, only by 
accurately measuring the PC position of feed can be ensured that the PC of the feed 
antenna is installed on the focus of the reflector [9]. In interferometer direction 
finding antenna system, the direction of an incoming wave is determined by 
measuring the phase difference among the phase center of each array element. In 
large phased array antenna system, such as the Synthetic Aperture Radar (SAR), PC 
is used as the benchmark for imaging [10]; thus, the image quality is directly related 
to the precision of PC. 
 
The far-field equiphase surface of any practical antenna cannot be an ideal 
sphere because of the radiation mechanism of antennas. The PC can be considered 
as the curvature center of the antenna main beam equiphase surface. However, the 
curvature center in any angular range of the main beam could be different [10]. Thus, 
phase center stability (PCS) is introduced to represent the size of such an area that 
contains all or most of these different curvature centers in the main beam. 




Circularly polarized patch antenna is frequently used in satellite navigation 
system [8]. Thus, design of circularly polarized patch antenna with high phase center 
stability is of great significance and application value [11]. 
 
1.1.2 GNSS Antenna Fundamentals 
In this chapter, GNSS antenna performance requirements and antenna properties that 
affect functionality and performance of a GNSS antenna are presented. The antenna 
is a crucial front-end component of a GNSS receiver system. In general, the function 
of any receiver antenna is to capture the electromagnetic signals from free-space and 
convert them into electrical signals in order to be processed by the receiver. At the 
receiver, the RF signal strength of a signal received from the GNSS satellite is very 
weak and these GNSS signals can arrive from any direction.    
 
The following are some of the important GNSS antenna properties that affect 
the performance and functionality of the GNSS antenna: 
• Radiation characteristics at the center frequency in the GNSS frequency  
bands,  
• Antenna polarization,  
• Axial ratio,  
• Bandwidth,  
• Desired to undesired ratio (D/U ratio) (e.g., gain pattern shape),   
• Antenna phase center, and  
• Multipath mitigation. 




1.1.2.1 Resonant Frequency  
 
The resonant frequency or operating frequency is a frequency at which capacitive 
and inductive reactance of an antenna cancel out each other.  Usually, a resonant 
frequency of interest can be achieved by tuning an antenna to a particular frequency. 
In reality, there can be a shift in the resonant frequency of a microstrip type due to 
the antenna packaging, ground plane size and input feeds. 
 
Real and imaginary parts of the normalized impedance in a complex plane 
can be represented on a Smith Chart, where the real part varies from 0 to ∞, and the 
imaginary part of impedance varies from -∞ to ∞. The end points located on the left 
and right side on horizontal axis of a Smith Chart refers to the short circuit and open 
circuit respectively. Similarly, the top and bottom most points on the vertical axis 
represents the inductive and capacitive nature of the circuits, respectively. In order 
to obtain a good impedance match at the antennas the input impedance should be at 
the center of Smith Chart. The point at which the antennas impedance intersects the  
horizontal axis and close to the center of the Smith Chart, indicates the resonant 
frequency of an antenna.  
  
1.1.2.2 Return Loss (RL) and Voltage Standing Wave Ratio (VSWR)  
 
VSWR is a scalar measurement that characterizes the amount of signal reflected from 
the antenna with respect to the signal incident, at the antenna terminal due to the 
impedance mismatch. VSWR corresponding to a perfect mismatch is infinity, and a 
perfect match is 1. However, a perfect match is difficult to achieve in reality. The 




“loss” obtained due to the mismatch can also be described as a return loss (RL). 
VSWR is an important measure to characterize the GNSS antenna performance.  Due 
to a very small delay of any reflections VSWR measure less than 2:1, (corresponds 
to a RL of -9.5 dB) is used for most GNSS applications. A lower VSWR may be 
suitable for certain high performance GNSS applications. Equations correspond to 
RL and VSWR are given in equations (1.1) and (1.2) [12]. 
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 (1.3) 
where, 




Characteristic Impedance, 𝑍𝑂 ; 
Load Impedance, 𝑍𝐿 is zero, infinity, and equal to 𝑍𝑂; for the short, open, and 
matching circuits, respectively. 
 
1.1.2.3 Antenna Bandwidth (BW) 
 
BW of an antenna is defined as, “the range of frequencies within which the 
performance of the antenna, with respect to some characteristic, conforms to a 
specified standard” [13]. Based upon the application type, there are several 
measurements to define an antenna bandwidth [14], of which VSWR (e.g., < 2:1) 




and axial ratio (e.g., < 3 dB) are two important BW definitions for the GNSS antenna 
application. The GNSS antenna designed here should have a minimum bandwidth of 
103 MHz at VSWR < 2:1 (or RL < -9.5 dB) around its center frequency (i.e., 1600 
MHz). 
 
The desired frequency band for GNSS antenna is from 1.16 GHz to 1.6 GHz to cover 
the GPS L1 - L5 bands, GLONASS G1, G2 and G3 as well as the Galileo E5a, E5b, 
E6, and E1bands. 
 
1.1.2.4 Antenna Polarization 
 
Polarization of an electromagnetic field is defined as a curve traced by the tip of an 
instantaneous electric field vector as the wave is propagating away from the 
observation point [14][15]. Elliptical polarization is a more common type of 
polarization with the linear and CP as its extreme cases. The polarization of a GNSS 
antenna describes how the antenna is sensitive to the polarization of the wave 
incident upon it. In general, GNSS use RHCP to minimize the effect of polarization 
fading and Faraday rotation. Moreover, CP minimizes the signal fluctuations due to 
the orientation mismatches between the transmitter and the receiver antennas. 
Therefore, to obtain the maximum RF signal reception from SV’s, the designed 
GNSS antenna should be RHCP. 
 
In wireless communication, electromagnetic (EM) waves are the means of 
transferring information between the transmitter and receiver. A general Transverse 
Electromagnetic (TEM) wave has electric field, 𝐸 and magnetic field, 𝐻 components 




perpendicular to each other and perpendicular to the direction of propagation.  
Further, it can be characterized at an observation point by frequency, magnitude, 
phase, and polarization [3].  
 
In the case when the two filed components, 𝐸𝑥  and 𝐸𝑦  are equal, then the 
polarization will be linear at angle of 45°. Furthermore, when the magnitude of 𝐸𝑥 is 
negligible, a vertical polarization is obtained. Similarly, a horizontal polarization 
achieved when 𝐸𝑦 ≈ 0. If 𝐸𝑥 ≠ 𝐸𝑦 , then the polarization is given at an angle of: 
 






A schematic illustration for a linearly polarized wave is shown in Figure 1.3 [16].  
 
Figure 1.3: Horizontal and vertical linear polarization [16]. 
 
For a wave with a phase of 𝛿 = ± 90 and  𝐸𝑥 = 𝐸𝑦 , the field vector moves in a 
circular path as can be seen from Figure 1.4  and the polarization is said to be circular. 
However, if  𝐸𝑥 ≠ 𝐸𝑦 ,  which is more common, then the field vector rotates in 
elliptical path and the polarization is said to be elliptical as illustrated in Figure 1.5 
[16].   When the wave rotates in a clockwise direction, towards the observer, an 




LHCP radiation is accomplished. On the other hand, if the wave rotates in an anti-
clockwise direction, a RHCP radiation is obtained. 
 




Figure1.5: Elliptical polarization [16]. 
 
Circular polarization is defined by the Axial Ratio (AR), which is the ratio of the  
maximum and minimum semi axes of the ellipse and is given in decibels by [17]: 
 









from which it can be noticed that 1 ≤ 𝐴𝑅 ≤ ∞. A pure circular polarisation can be 
achieved when AR = 1 or 0 dB, which is difficult to achieve in practice. Therefore, 
a frequency range over which AR ≤ 3 dB is considered and defined as: 
 






where, 𝑓2 and 𝑓1 are the boundary frequencies for AR ≤ 3 dB and 𝑓𝑚𝑖𝑛  is the 
frequency of minimum value of AR. 
 
CP antennas offer a distinct advantage over their LP counterpart. That is, 
there is no need to establish a similar orientation between the transmitter and the 
receiver. As a result, the probability of linking a transmitted CP wave is higher since 
it can be received in the horizontal, vertical as well as any plane in-between. In 
contrast, LP wave is capable of radiating in one plane only, which is particularly 
inefficient for mobile and satellite applications. Moreover, a CP wave that is 
transmitting in all planes is less susceptible to unwanted reflection and absorption. 
Reflecting surfaces may scatter the wave with a different phase, which results in a 
weak LP signal.  
 
However, a CP wave can be received regardless of the reflected plane. 
Additionally, CP antennas are capable of reducing the Faraday rotation effects, 
which means that a linearly polarized wave may be rotated by an unknown amount 
depending on the thickness and temperature of the ionosphere, as well as the 
frequency and therefore causes a reduction of 3 dB in the signal strength of linearly 




polarized antennas [18], [19]. On the other hand, CP antennas tend to lose their 
polarization and become elliptically polarized in the case of non-normal incident. In 
addition, CP waves lose their sense if reflected by a PEC, with 180° reflection phase, 
which may change a RHCP wave into a LHCP wave or vice versa. Therefore, CP 
antennas are not recommended for indoor radio communications [19]. 
 
1.1.2.5 Antenna Axial Ratio (AR) 
 
AR of the polarization ellipse is the ratio of its major to minor axes length [14][15]. 
An AR close to one (0 dB) indicates good CP where, AR greater than one indicates 
RHCP and less than one indicates LHCP, and an AR close to infinity indicates good 
linear polarization. Calculations for AR are shown in equation (1.7) [20].   
 
For GNSS applications, the AR is usually specified at the antenna boresight  
because the AR will increase along with the increase in boresight angle (which 
decreases with the increase in elevation angle). Low AR is desirable for most of the 
elevation angles. At the upper hemisphere elevation angles (above 10°), the boresight 
AR should be less than 3 to 6 dB for a high performance GNSS application. AR  
should be between 0 dB to 1 dB for the high-end GNSS application antennas like  
choke ring and geodetic quality antennas [21]. 
 















𝐸𝑚𝑎𝑗𝑜𝑟 and 𝐸𝑚𝑖𝑛𝑜𝑟  are the length of the major and minor axes of the polarization 
ellipse,  
𝐸𝑅𝐻𝐶𝑃  and 𝐸𝐿𝐻𝐶𝑃  are the complex RHCP and LHCP antenna responses (in volts) 
 
𝐸𝑅𝐻𝐶𝑃 =  
1
√2
(𝐸𝜃 + 𝐸𝜑) (1.8) 
𝐸𝐿𝐻𝐶𝑃 =  
1
√2
(𝐸𝜃 − 𝐸𝜑) (1.9) 
 
𝐸𝜃  and 𝐸𝜑 are the linear field components along 𝜃 and φ directions (in volts) and 𝜃 
and φ are spherical coordinates.  
 
1.1.2.6 Antenna Pattern 
 
The upper hemisphere GNSS antenna radiation pattern should have sufficient and 
uniform gain and efficiency to effectively receive the GNSS SV signals at the various 
azimuth and elevation angles in the upper hemisphere [22]. For most GNSS 
applications, the antenna should have a uniform radiation pattern over the upper 
hemisphere with a sharp roll off at the lower elevations to reduce the multipath and 
lower hemisphere interference [22]. GPS receivers typically use a mask angle of 10° 
at the lower elevation angles to minimize multipath and atmospheric effects [23].   
 
 




1.1.2.7 Desired to Undesired Ratio 
 
The multipath rejection performance of an antenna can be investigated with the help 
of a desired (D) to undesired (U) signal ratio; in general, the multipath due to the  
ground reflections can be mitigated by passing the D signals at positive elevation  
angles into a reasonable gain GNSS antenna and by attenuating the U signals at the  
corresponding negative elevation angles with the help of an antenna radiation 
pattern. In this research, D/U is calculated by taking the antenna RHCP gain (in dB)  
difference between the positive and negative elevation angles [24].    
 
1.1.2.8 Antenna Phase Reference 
 
The antenna phase response will vary as a function of the azimuth and elevation 
angle. The antenna phase response can be measured with respect to an Antenna 
Reference Point (ARP) where the measured antenna phase response can then be used 
to compensate for these antenna phase variations, with respect to the ARP, depending 
upon the performance requirement [25]. 
 
1.1.3 Design Challenges: Size Constraints, Feed Network, and Cost  
Challenges facing the design of GNSS receive antennas stem from two major 
premises: the greatly enlarged. Bandwidth requirement and the constraints by the 
platform on which the antenna operates. Feed network and cost are other major 
challenges. These are discussed as follows. 
 




1.1.3.1 Size Constraint 
 
Antenna size constraint and simultaneous broad banding are conflicting 
requirements facing fundamental physical limitations, established in a rigorous 
analysis six decades ago [26], which relates the fundamental limitation of the gain 
bandwidth of an antenna to its electrical size. Also, for a GNSS antenna, its platform 
(in a broad sense including the platform’s immediate environment) dictates how, and 
how well, the antenna can mitigate problems due to multipath signals from satellite 
platform, ionosphere, troposphere, and terrestrial environment, as well as natural and 
human-made interferences and noises. 
 
1.1.3.2 Feed Network 
 
The feed network bridges between a coaxial cable and the radiating aperture, 
providing excitation to generate RHCP. Since the GNSS antenna needs to detect 
extremely low GNSS signals, about 25 dB below noise level on Earth, the use of 
LNA close to the antenna is highly desirable. LNA elevates the signal strength so 
that it would not be attenuated away before reaching the receiver, usually via a cable 
1 to 3 m long, which adds more noise as well.  
 
Additionally, the LNA augments frequency filtering and further enhances 
SNR. Because of the high-performance benefit and low cost, use of LNA as part of 
GNSS antenna is ubiquitous today. For high performance, a user may select antenna 
and LNA separately. With the transition from the narrowband and mostly single 
band, GPS to the multiband broadband GNSS, feed network design will be 




fundamentally changed not only by performance considerations but also by 
production cost issues. This challenge will be even more serious in the more complex 





The cost of a GNSS antenna is a fundamental design consideration driven by the 
market. A testimony is the patch antenna, whose widespread use is not only due to 
its low-profile, platform-compatible structure, and medium to small size, but also for 
its low cost enabled by its simple feed. However, the patch antenna’s performance 
and cost advantages will be challenged by other antennas in the new 
multiband/broadband GNSS scenario. 
 
1.1.4 Basic GNSS Antenna Approaches 
It is also desirable to know the basic antenna approaches for GNSS antennas. The 
answers can be found in several books [17], [19], [27]–[30] covering GNSS 
antennas, as well as in general antenna books, outside the GNSS context, under the 
category of antennas of CP with a broad symmetrical unidirectional beam and a peak 
directivity of 3 – 10 dBi (A higher directivity leads to a narrower beam, and thus a 
higher cutoff angle 𝜃𝑐 above the horizon). 
 




 Wang et al. in [6] summarized the basic antenna types applicable to GNSS 
and a broad overview of their characteristics in Table 1.3. Patch antennas are the 
most common and have a very wide range of variations, e.g., slot-loaded patch 
antennas, stacked patch antennas, E-patch antennas, etc. However, the patch antenna 
is a resonant antenna, thus inherently narrowband; many elaborate efforts have been 
made to add more bands and bandwidth.  
 
The four-element ring arrays consist of four radiating elements fed with a 
four-way hybrid or beam-former of 0° - 90° - 180° - 270° to effect RHCP. Each 
radiating element can be a slot, a conducting patch of some shape such as a triangle, 
a Vivaldi element, an H-slot antenna, or an F or inverted-F antenna, etc. As a 
multiband GNSS antenna, it is necessary that the element radiators have some 
inherent broadband or multiband potential. 
 
The spiral antenna and the quadrifilar helix antenna are also common GNSS 
antennas. Planar spiral antennas have several variations, mostly for changing their 
bidirectional radiation to unidirectional. The traveling-wave (TW) antenna is one 
technique that overcomes this problem by employing the spiral or other broadband 
planar radiators and having a closely spaced conducting ground plane [31], [32].   
 
 












1.2 RESEARCH MOTIVATION AND OBJECTIVES 
Modern GNSS technology is facing more challenges and new fields for researchers 
to explore. One hot topic is the multi-system GNSS device. Many research groups 
have demonstrated that a multi-system GNSS receiver (e.g., GPS and Galileo) will 
usually provide more observations than a single-system receiver which provides 
higher positioning precision. Accordingly, such a multi-antenna system requires 
compact design which brings a new challenge for the antenna engineers.  
 
Meanwhile, compact design always makes the commercial GNSS antenna 
more competitive compared with larger size antenna with similar performance. 
Smaller is always better. The motivation for the antenna designers is to miniaturise 
the size of the antenna and meanwhile keep its standard performance. 
 
 The objective of this research is to design, simulate and investigate the 
performance of a circularly polarized antenna prototype, which is expected to operate 
at GNSS frequency bands from 1.16 GHz to 1.6 GHz to cover the GPS L1-L5 bands, 
GLONASS G1, G2 and G3 as well as the Galileo E5a, E5b, E6, and E1bands with 
good multipath mitigation. A printed dipole design is chosen for this prototype 
because of the following merits: ease of fabrication and mounting, multipath 
performance, relatively low profile, easy integration with active components.   
 




1.3 CONTRIBUTIONS AND ORGANIZATION OF THIS 
THESIS 
This thesis consists of seven chapters that mainly focus on design, optimization, and 
measurement of novel broadband antennas for GNSS applications. The structure of 
the thesis and the outcome and achievements of each chapter is discussed briefly in 
this section to give a better view of the work. The chapters are organized as follows: 
• Chapter 1 introduces the background of this work, including the motivation 
and objectives of the research in this thesis. 
• Chapter 2 is an overview and fundamentals of GNSS system and a brief 
introduction about interference, jamming attack and jamming effect on GNSS.   
The history of the system and communication are discussed. 
• Chapter 3 gives an overview of the development on GNSS receiver antenna 
design using the different type of antennas and its design parameters with a 
detailed literature review of the state-of-art for these applications. Then, it 
discusses the antenna diversity systems, and the existing crossed-dipole 
antenna designs for GNSS applications in detail.  
• Chapter 4 introduces a new broadband with broad beamwidth antenna to cover 
the GPS L1-L5 bands, GLONASS G1, G2 and G3 as well as the Galileo E5a, 
E5b, E6 and E1bands (1.08 GHz – 1.69 GHz). This broadband antenna 
demonstrates a significant improvement on bandwidth and radiation pattern by 
using the parasitic elements and loaded monopoles that are excited by coupling 
with the elliptical crossed dipole in the center of the antenna.  
• Chapter 5 presents a new way of designing a dual-band CP antenna by 
integrating a CP radiator with a finite AMC surface. The antenna demonstrates 




a low-profile broadband characteristic and excellent CP radiation for GNSS 
frequency bands.  
• Chapter 6 introduces a new optimized antenna that more compact from the 
previous antenna discussed in Chapter 4 and 5. This chapter also presents a 
new antenna array configuration combining a 4-elements antenna array and a 
5-elements antenna array to provide wide coverage. The anti-jamming 
performance of the antenna with respect to differently polarized jammers as 
well as its positioning capability are also presented.   
• Finally, Chapter 7 provides a summary of the major contributions of this thesis. 









CHAPTER 2:  
GNSS SYSTEM OVERVIEW
2.1 INTRODUCTION 
The role of the Global Positioning Satellite System (GNSS) has become 
indispensable in our lives. Because of its significance, research is very active in this 
sector and obtaining higher reliability, and higher accuracy is essential to sustain the 
integrity of the position, velocity, and time (PVT) solutions. Initially, a military 
satellite system that was later provided partially to the public, GNSS system has seen 
explosive growth in the number of users. There are also many industry sectors that 
rely on it such as precise timing, precise positioning used in geodesy and structural 
engineering, aviation, land and maritime navigation, etc. [3]. 
 
This chapter starts with a general introduction of the GNSS system’s sectors 
followed by the GNSS observables, the generic structure of the receiver and finally 




a summary of the GNSS errors which will pave the way towards the main objectives 
of this research. Interference and jamming are then overviewed; where their types, 
causes, sources, effects, and mitigation techniques are described. 
 
2.1.1 GPS Fundamentals 
Operated by the United States, GPS is the best-known satellite-based radio 
navigation and positioning system among the GNSS, which provides accurate and 
instantaneous Position, Velocity and Timing (PVT) services for an unlimited number 
of civilian and military users in all weather conditions. A GPS receiver needs at least 
four visible satellites to calculate the three-dimensional position and time solution. 
Any GNSS including GPS system is mainly made up of three major segments (see 
Figure 2.1):   
• Space Segment (SS) or Satellite  
• Segment Control Segment (CS) or Operational Control Segment (OC)  
• User Segment (US) 
 
Figure 2.1: GPS segments. 




2.1.1.1 Space Segment (SS)  
 
GPS constellation as shown in Figure 2.2 consists of 24 operational satellites in six 
orbital planes with four satellites in each plane. It has been recently upgraded to 27 
by the US air force [33].  The number of satellites can increase up to 30. The 
ascending nodes of the orbital planes are separated by 60 degrees, and the orbital 
planes are inclined 55°. The orbit of each GPS satellite is nearly circular with a semi-
major axis of 26578 km and a period of about twelve hours. The satellites 
continuously orient themselves to ensure that their solar panels stay pointed towards 
the Sun, and their antennas point toward the Earth. Each satellite carries four atomic 
clocks, is the size of a car and weighs about 1000 kg [34]. 
 
Figure 2.2: Expandable 24-slot satellite constellation[33]. 
 




2.1.1.2 Control Segment (CS)  
 
The control segment of GPS is made up of a network of tracking stations positioned 
across the Earth as shown in Figure 2.3 with a master control station (MCS) located 
at Colorado Springs, Colorado, USA. This MCS is staffed around the clock. There 
are 16 monitoring stations located throughout the globe. Six of them are operated 
from Air Force bases and ten from the National Geospatial-Intelligence Agency 
(NGA) [33]. They are located around the Earth, and their positions are known very 
precisely. These stations are equipped with very sophisticated GPS receivers and a 
cesium oscillator for tracking all the satellites in view. The MCS remotely operates 




Figure 2.3:  Locations of the different sections of the control segment around the 
world [33]. 
 
Among the tasks of the control segment are: (a) monitoring and maintaining 
satellite orbits and health by maneuvering and relocation, (b) maintaining GPS time, 




(c) predicting satellite ephemerides and clock parameters and (d) updating satellite 
navigation messages periodically [3].   
 
2.1.1.3 User Segment (US)  
 
The user segment consists of users (individuals, commercial or military) with 
different radio receivers that receive signals from GPS satellites and estimate their 
position, velocity, and time. Users of GPS can be classified into civil and military. 
The user segment is experiencing exponential growth since inauguration due to 
decreasing prices of the receiver and the increasing application of GPS in daily life. 
When a GPS receiver is activated, it will acquire the GPS satellite signals [35]. The 
signal is processed, and the receiver position is determined by the intersection of the 
spheres created by the satellite pseudoranges. A minimum of four satellites with good 
geometry is required. Three satellites are required for the position fix, while the 
fourth is required to account for the receiver clock offset. An in depth look at the 
user segment can be found in [36] and [1]. 
 
2.1.2 GLONASS Fundamentals  
GLONASS is a Russian version of a GNSS that provides the three-dimensional PVT 
services across the globe in all weather conditions, similar to GPS made up of a, 
satellite Space Segment, monitoring Control Segment, and User Segment. The Space 
Segment has eight, equally spaced satellites (a total of 24) in three orbital planes. 
Each satellite takes 11 hours, 15 minutes and 44 sec to complete an orbit with 64.8° 
inclination to each other [37]. The GLONASS transmission frequency is determined 




by its channel number, K and its frequency bands are calculated using the following 
expression. 
 
 𝑓𝐿1 (𝐾) = 𝑓𝐿1 + 𝐾∆𝑓𝐿1 (2.1) 
 𝑓𝐿2 (𝐾) = 𝑓𝐿2 + 𝐾∆𝑓𝐿2 (2.2) 
where, 
𝑓𝐿1 = 1602 𝑀𝐻𝑧 𝑎𝑛𝑑 ∆𝑓𝐿1 = 562.5 𝑘𝐻𝑧 𝑓𝑜𝑟 𝐿1 𝑠𝑢𝑏 𝑏𝑎𝑛𝑑 𝑎𝑛𝑑 
𝑓𝐿2 = 1246 𝑀𝐻𝑧 𝑎𝑛𝑑 ∆𝑓𝐿2 = 437.5𝑘𝐻𝑧 𝑓𝑜𝑟 𝐿2 𝑠𝑢𝑏 𝑏𝑎𝑛𝑑  
 
The Control Segment consists of a satellite tracking and command stations network 
located across Russia to monitor the satellites and provide the corrections to the 
orbital parameters and navigation data as needed [37]. The User Segment is equipped 
with receiver equipment to receive and process the GLONASS signals transmitted 
by the satellites to determine the user PVT solution. GLONASS historically has used 
FDMA in similar frequency bands as GPS (i.e., L1, L2, L5), and is now developing 
a CDMA-based GLONASS GNSS. 
 
2.1.3 Galileo Fundamentals 
Galileo is the European GNSS, which is planned to provide highly accurate global 
positioning services to various users. Once deployed completely, the Galileo Space 
segment will consist of 27 operational satellites and three spare operational satellites 
(total 30) in three circular MEO orbit planes inclined at 56° and 29,601.297 km semi 




major axis. The Control Segment and User Segment are similar to GPS and 
GLONASS as discussed earlier. 
 
2.1.4 Signal Characteristics 
These satellite systems are fundamentally similar, and one can typically develop 
technology that generally applies to all of them. The research presented in this work, 
which focuses on the receiver antenna and its associated signal processing that 
applicable to any GNSS system so long as the antenna and antenna electronics are 
designed for the required frequencies. In this work, we will frequently use the term 
“GNSS antenna” to refer to an antenna designed for any one or multiple satellite 
navigation systems. Each GNSS satellite uses an array of transmit antennas to 
broadcast RHCP Electromagnetic (EM) energy with a radiation pattern that aims to 
evenly cover the entire visible portion of the earth. As mentioned above, this signal 
is quite weak, and it is modulated with unencrypted Pseudo Random Noise (PRN) 
code and navigation data. In this section, these three properties of the GNSS signal: 
its RHCP nature, its low signal strength, and its use of PRN codes will be discussed. 
 
2.1.4.1 RHCP Electromagnetic (EM) Energy 
 
EM energy propagates through free space, such as the space between the GPS 
satellites and our antenna, at the speed of light. EM energy also propagates along 
conductive structures, such as ground-planes and the coaxial cables that deliver the 
energy from the antenna to the receiver, at near the speed of light. The waves that 




travel from the satellites to our antenna take the form of transverse electromagnetic 
plane waves.  
 
Figure 2.4: An RHCP wave where the red spiral traces the RHCP energy, and the 
blue and green sinusoidal waves trace the contributions from the x-axis and y-axis 
field components [38]. 
 
In the case of GNSS, these electromagnetic plane waves are RHCP. An 
RHCP wave can be decomposed into two orthogonal electric field components, 
which called as an x-axis field and a y-axis field for some arbitrary coordinate system 
in the plane parallel to the plane wave. These two field components are orthogonal 
not only in space but also in time, with the x-axis field lagging the y-axis field by 
90°, as can be seen in Figure 2.4. The red spiral traces the RHCP energy while the 
blue and green sinusoidal waves trace the contributions from the x-axis and y-axis 
field components.  
 




2.2 INTERFERENCE AND JAMMING 
As mentioned earlier, interference and jamming signals prevent RF front-end from 
functioning correctly. It has been reported in [2] that no matter what tracking and 
acquisition have been implemented in the digital part of the receiver, they will be 
rendered useless. The latter condition is true if the GPS signals were totally corrupted 
by the nonlinear behavior of the front-end. Spectral characteristics such as the carrier 
frequency and bandwidth, 𝑓𝑖𝑛𝑡  and 𝐵𝑖𝑛𝑡 respectively, can lead to a broad 
classification of interferences. A higher-level classification would include in-band 
and out of band signals.  
 
Table 2.1:  Classification of Interferences Based on Spectral Characteristics 
Class Spectral Characteristics 
Out-of-band interference    
 
𝑓𝑖𝑛𝑡  > 𝑓𝐼𝐹  + 
𝐵𝐼𝐹
2
   
or   
𝑓𝑖𝑛𝑡   < 𝑓𝐼𝐹  − 
𝐵𝐼𝐹
2
   
In-band interference  (𝑓𝐼𝐹 − 
𝐵𝐼𝐹
2
  < 𝑓𝑖𝑛𝑡   < 𝑓𝐼𝐹  + 
𝐵𝐼𝐹
2
  ) 
Wideband interference 𝐵𝑖𝑛𝑡 ≈ 𝐵𝐼𝐹 
Narrowband interference 𝐵𝑖𝑛𝑡  ≪ 𝐵𝐼𝐹 
 
The former would encompass any signal whose carrier frequency is close but 
outside the GPS band while the latter would encompass signals found inside the GPS 
band. A more specific classification for the in-band interferences would differentiate 




between the bandwidths of different interference sources and categorize them into 
narrowband and wideband interferences.  
 
The different classifications are demonstrated in Table 2.1 where 𝐵𝐼𝐹 and 𝑓𝐼𝐹  
correspond to the GPS signal’s bandwidth and center frequency after the IF stage 
[39]. Most interference signals are generated by licensed emitters that do not transmit 
in the L1 band; nonetheless, harmonics of these signals find their way into the GPS 
L1 band.   
 
A summary of the different types of interference signals based on their 
modulation types as well as their potential sources is shown in Table 2.2. Some of 




Figure 2.5: Common interference and jamming source. 





Table 2.2:  Types of RF Interference and Their Probable Sources 
Class  Type Potential Sources 
Narrowband Continuous Wave 
(CW) 
Intentional CW jammers or near-band 
unmodulated transmitter’s carriers 
Narrowband Swept CW Intentional swept CW jammers or 
frequency modulation (FM) stations 
transmitters’ harmonics 
Narrowband Phase/ frequency 
modulation 
Intentional chirp jammers or harmonics 
from an amplitude modulation (AM) radio 
station, citizens band (CB) radio, or 
amateur radio transmitter 
Wideband Pulse Any type of burst transmitters such as 
radar or ultra-wideband (UWB) 
Wideband Wideband - 
matched spectrum 
Intentional matched-spectrum jammers, 
spoofers, or nearby pseudolites 
Wideband Wideband - 
phase/frequency 
modulation 
Television transmitters’ harmonics or near 
band microwave link transmitters 
overcoming the front-end filter of a GPS 
receiver 
Wideband Wideband - 
bandlimited 
Gaussian 








2.2.1 Jamming Attack on GNSS 
GNSS anti-jamming was always considered a priority of the military sector, 
unfortunately, due to primarily, the growing demand of personal privacy devices 
(PPDs), [40]–[43] jamming is being viewed as a threat to the public; especially with 
the increasing dependence on the GNSS system.  Jamming attacks have a sole 
objective of preventing the receiver from providing the desired solution. Although 
jamming is illegal and therefore criminalized, it has been reported that offenders have 
been using jammers to prevent stolen vehicles from being tracked or simply to 
remain undetected. Equally, PPDs are becoming cheaper and easier to acquire 
leading to the increased threat of GNSS outages for the everyday consumer [44][45]. 
Therefore, the struggle against jamming has been moved from the battlefield to the 
streets. Different types of GNSS Jammer are shown in Figure 2.6 [40]. 
 
 
Figure 2.6: Privacy GNSS jammer [40]. 
 
A GNSS jamming signal is typically transmitted on or around the GPS L1 frequency, 
which is 1575.42 MHz. It is not necessarily required to be very complex or powerful 
due to the fact that the GPS signals are extremely weak.  
 




The jamming signal can effortlessly overwhelm the GPS receiver’s front-end 
and prevent the actual signal from being processed. Unfortunately, this occurs 
because the spreading gain (approximately 30 dB) is not yet applied to the signal. At 
that time, even after the spreading gain is applied, the jamming signal is also 
amplified therefore preventing further processing of GPS signals. The gain of the 
amplifier adjusts itself to the jamming signal, which is more powerful.  
 
2.2.2 Jamming Effect on GNSS 
Several studies [40], [41] have explored the effects of jamming and especially PPDs 
on Global Navigation Satellite Systems (GNSS) performance. Jamming deteriorates 
the positioning solution accuracy, leads to the total loss of lock on the satellite signals 
and therefore impairs the positioning availability. It has been reported that the typical 
front end is saturated in case of broadband additive white Gaussian noise (AWGN) 
signals, high power narrowband and pulsed signals. Contrarily, the front-end was not 
saturated when low power narrowband, spoofing and meaconing signals were 
applied. Several authors have studied the effects of jamming on acquisition and 
tracking [46]–[49]. Acquisition success is documented in [49]; where it has been 
identified that CW has the most damaging effect compared to swept CW and 
broadband noise which come in second place such that 10 and 15 dB Jamming to 
Signal Ratios (JSR) is required to prevent acquisition respectively.  
 




2.3 ANTI-JAMMING TECHNIQUE 
Successive detection is followed by mitigation if the receivers are equipped for it. A 
multitude of techniques has been proposed for anti-jamming and interference 
suppression. They can be classified mainly into single antenna-based techniques, 
which perform jamming mitigation based on receiver processing, whether in pre-
correlation or post-correlation, and antenna array-based techniques, which benefit 
from the presence of the array to spatially mitigate the jamming signals by 
electronically controlling the radiation pattern of the array. Since all the mitigation 
techniques used by single antenna systems are present in the receiver, then it is 
appropriate to imply that they are all applicable in multi-antenna systems.  
 
2.3.1 Single Antenna Receiver-based Solutions 
Mitigation solutions in the front-end of the receiver are usually accomplished either 
using spectral or temporal excision. Mitigation of certain types of interference such 
as pulsed interference can be accomplished using a technique called pulse blanking. 
It is an appropriate technique aimed at mitigating pulsed interference. Interference 
excision is implemented in the time domain on the samples obtained from the ADC 
that are above a certain threshold. Alternatively, frequency excision is implemented 
in the front-end; it is based on determining the frequencies occupied by the 
interference signal. 
 
Typically, a jammer is used to jam the signals of specific GNSSs and not all 
systems at the same time. Nevertheless, such jammers can be acquired at an 




expensive cost. A solution for this problem is to switch to another GNSS when 
service denial is sensed, such as GPS, GLONASS, GALILEO and BEIDOU (which 
has limited coverage). Switching from one GNSS to another requires more advanced 
hardware such as multiple frequency antennas and multi-constellation capable 
receivers. 
 
2.3.2 Antenna Array Based Solutions 
An antenna array is a group of antennas for which the outputs are combined to create 
an overall radiation pattern that is different from that of each antenna element 
individually [50]. These antennas are arranged in space depending on the array 
geometry. They are processed such that the radiation pattern of the array increases 
the gain towards a selected direction while rejecting signals emitted from other 
directions [51].  
 
Thus, the interference signal(s) are rejected in space, rather than in the 
frequency or time domain. Interference mitigation is significantly enhanced by using 
an adaptive antenna array (also known as a smart antenna) through the capabilities 
of spatial filtering techniques. These techniques frequently attain high anti-jamming 
(AJ) margins. They are effective against both narrow and especially broadband 
interference signals that single antenna systems cannot combat [52].  
 
Hence, adaptive arrays improve SNR in the presence of jamming which 
enables signal tracking in environments that would otherwise lack code and carrier 




phase observables. The most common techniques applied in adaptive spatial filtering 
are null steering and beamforming.   
 
2.3.2.1 Null Steering 
 
Null steering, also known as side lobe canceller (SLC), is based on the fact that the 
GPS signal power is lower than the noise floor. Null Steering considers any signal 
with a power level higher than that of the satellite to be an interference signal. 
Accordingly, the antenna’s beam is steered away from that source and a null is 
directed towards it. The objective is to decrease the output power subject to the 
constraint that one antenna element is always on while trying to maintain unit gain 
in all other directions. The rest of the channels have their output phase and amplitude 




Beamforming, on the other hand, enhances signal reception by directing beams 
towards desired signals. The desired antenna outputs are weighted using different 
sets of complex beamforming coefficients. In the case of GNSS, multiple beams are 
required; one for every satellite. Maximizing the power of the beam achieved by 
beamforming will also utilize the available degrees of freedom to shape the spatial 
null and minimize GNSS signal cancellation.  
 
Therefore, the probability that GPS signals will be preserved increases. It is a 
known disadvantage of null steering that there will be a probable reduction in the 




received GNSS signal’s energy level and especially if the signal’s Direction of 
Arrival (DoA) is close to the interferer’s DoA [53]. 
 
2.4 SUMMARY 
In this chapter, GNSS antenna technologies and overview have been reviewed. It has 
been clearly shown that the research of GNSS antenna is of great significance to the 
modern industry and it will still be an important research topic for the coming 
decades. The studies of antenna for GNSS applications have been highlighted and 
discussed in detail. The information presented in this chapter is useful to gain a better 
understanding on the state of art in antenna designs and meanwhile identify the 
research challenges and problems for us to overcome in this work. 
 




CHAPTER 3:  
GNSS RECEIVER ANTENNA DESIGN: OVERVIEW 
AND STATE OF THE ART 
3.1 INTRODUCTION 
Global navigation satellite systems (GNSSs), including global positioning system 
(GPS), GLObal NAvigation Satellite System (GLONASS), Galileo, and Compass, 
will be fully deployed and operational in a few years [6]. An antenna for a GNSS 
receiver requires broadband characteristics for such as impedance matching and 3-
dB axial ratio (AR) bandwidths, right-hand circularly polarized (RHCP) radiation, a 
wide CP radiation beamwidth (> 100°) facing the sky, and a high front-to-back ratio.  
 
The use of a variety of single and dual-band CP antennas in the GNSS 
frequency bands has been reported: e.g., crossed dipole [54]–[58], monopole [59]–
[62], slotted [63]–[68], patch [69]–[74] and dielectric resonator [75]–[79] antennas. 
However, most of these antennas have insufficient 3-dB AR beamwidth to meet the 




requirements of GNSS applications, owing to the lack of techniques to broaden the 
CP radiation beamwidth.  
 
3.2 GNSS ANTENNA: OVERVIEW 
A CP antenna for multi-frequency operation can be achieved by using multi-layer 
patches. By using a multi-layer structure, it is easier to achieve a multi-frequency CP 
operation. The dimensions of each patch mainly determine the resonant frequencies. 
The geometry of the proposed antenna is shown in Figure 3.1.  
 
 
Figure 3.1: Geometry of the stacked patch CP antenna (a) side view (b) upper patch 
(c) middle patch and (d) lower patch [70]. 
 




A single probe feed of 50Ω input impedance is connected to the upper patch through 
via holes in the middle and lower patches while the middle and lower patches are 
excited through electromagnetic coupling. The via has contributed a capacitive 
coupling to negate the inductance effect due to the inner conductor of the probe. The 
use of slit on the edge of the lower patch introduces the dual orthogonal mode 
necessary for CP radiation pattern. Both the middle and upper patches are perturbed 






Figure 3.2: (a) Measured and simulated reflection coefficients of the antenna  and 
(b) Simulated axial ratio of the proposed antenna [70]. 




Falade et al. [70] have proposed a design on stacked patches with a single 
feed for GPS frequency bands. The lower, middle, and upper patches are designed 
to resonate at L5, L2, and L1 frequency bands respectively. The patches are etched 
on three different substrates. The lower substrate has a thickness of ℎ3 = 1.524 mm 
and relative permittivity 𝑟 = 3.38, the middle and upper substrates are similar with 
a thickness of ℎ2 = ℎ1 =1.6 and permittivity of 𝑟 = 4.4.  
 
                                                                    
The measured value of 10 dB impedance bandwidth for GPS L1, L2, and L5 
frequency bands are 22 MHz (2.0%), 18 MHz (1.5%), and 30 MHz (2.0%), 
respectively are shown in Figure 3.2. The simulated axial ratio at broadside direction 
illustrates that the minimum axial ratio coincides with the resonant frequencies in the 
three bands. The 3-dB axial ratio bandwidth is 40 MHz (3.40%) in L5 frequency 
band, 10 MHz (0.81%) in L2 frequency band, and 13 MHz (0.83%) in L1 frequency 
band. 
 
CP can also be generated by using a dielectric resonator antenna [75]–[77], 
[80]–[82]. A hybrid antenna comprising a dielectric resonator antenna (DRA) and 
four feed slots as shown in Figure 3.3 has been investigated and analyzed to enhance 
the AR bandwidth in order to cover the current GNSS frequency bands in one 
antenna [77]. The cylindrical DRA has a radius of 31.75 mm, a height of 22 mm and 
a permittivity of 10. It has been designed to resonate around 1.575 GHz. CP is 
generated by a 90° phase feed network. The slots have to be arranged and their 
dimensions optimized to ensure proper coupling to the dielectric resonator and to 
have good impedance matching. A substrate made of FR4 was chosen to 
accommodate the feed circuit of the DRA, and the slots were etched in the ground 




plane. The ground plane dimensions are 160 × 160 mm2, and the slot length is 36 
mm, and its width is 8.8 mm. The coordinates of the slots are 4 mm along the x-
direction and 19.4 mm in the y-direction. The feed line is 12.9 mm long and 11 mm 
away from the slot center. The prototype of the DRA and its performance are shown 
in Figures 3.3 and 3.4. However, the disadvantage of the hybrid DRA over other 





Figure 3.3: The diagram of the hybrid DRA[77]. 











Figure 3.4: Hybrid DRA performance measured (a) S11 (b) maximum radiation gain 
and (c) axial ratio [77]. 
 
 




Two novel broadband single-feed printed compact wideband circularly 
polarized antennas as described in [59], consisting of L-shaped monopole and tilted 
cross on the ground plane with and without a slanted branch. By introducing a 
protruding cross at the ground, wideband CP is generated. The antenna has a very 
compact structure with a dimension of 88 × 88 mm2 on the substrate. The antenna 
uses FR-4 substrate 1.6 mm thick with a permittivity of 4.4.   
 
 
(a)                                                                (b) 
Figure 3.5: Fabricated prototype of (a) antenna 1 (b) antenna 2 [59]. 
 
The geometry of the proposed broadband planar antenna with broadband CP 
is shown in Figure 3.5. All the metallic components of the antenna are printed on the 
same side of the substrate. The antenna consists of a square ground with a cross-
shaped branch at its corner. The simulated and measured reflection coefficient and 
boresight AR of two antennas are compared in Figure 3.6 (a) and (b).  
 
In Figure 3.6 (a), antenna 1 exhibits simulated (excluding the cable model) and 
measured -10 dB impedance bandwidths of 54.71%, from 1.130 to 1.981 GHz, and 
55.10%, from 1.160 to 2.042 GHz, respectively. Besides, antenna 2 exhibits 
simulated (excluding the cable model) and measured -10 dB impedance bandwidths 
of 68.70%, from 1.096 to 2.243 GHz, and 70.44%, from 1.122 to 2.344 GHz, 




respectively. The results reveal that the slant branch is useful to improve the 
impedance matching. Figure 3.6 (b) shows that antenna 1 has measured 3-dB AR 
bandwidths at dual bands 1.356 -1.637 GHz (18.78%) and 1.794 - 2.487 GHz 
(32.38%). Also, antenna 2 has measured 3dB AR bandwidths at dual bands 1.270 - 
1.600 GHz (23.00%) and 1.750 - 2.450 GHz (33.33%). The measured results agree 
well with the simulated results with the inclusion of the cable model. If the feed cable 
was excluded, 1.130 - 1.981 GHz (54.71%) and 1.096 - 2.243 GHz (68.70%) CP 
bands for two antennas are predicted in simulation, which is broad enough to cover 





Figure 3.6: Simulated and measured (a) reflection coefficient and (b) axial ratio 
[59]. 




3.3 GNSS CROSSED-DIPOLE ANTENNA 
S. X. Ta et al. [56] have proposed a multi-band, RHCP, crossed, multi-branch, 
barbed dipole antenna with a broad impedance-matching bandwidth, and a high 
front-to-back ratio in the GPS L1 - L5 bands. The multi-branch barbed dipole with a 
meander line in each branch is used to achieve not only multiple resonances but also 
a significant reduction in the radiator size. A vacant quarter printed ring is used as a 
90° phase delay line to generate the CP radiation. 
 
Along with the development of wireless communications, many applications 
require antennas that radiate a unidirectional pattern with a significant front-to-back 
ratio to ensure high security and efficiency in the propagation channels. Accordingly, 
the crossed dipole is generally equipped with a reflector to generate a desired 
unidirectional pattern with CP or dual polarization [83]. 
  
The antenna is composed of two printed dipoles, a coaxial line, and a 
reflector. The reflector is an inverted pyramidal cavity with a rectangular bottom 
measuring 120 × 120 mm2, a top aperture measuring 160 × 160 mm2, and a height 
of 40 mm as shown in Figure 3.7.  
 








                                                   
(c) 
Figure 3.7: Geometry of the proposed antenna (a) radiator (b) vacant-quarter 
printed ring and dipole arm (c) side view with the inverted pyramidal cavity [56]. 
 
The crossed dipole was designed on both sides of a 60 × 60 mm2   Rogers 
RO4003 substrate with permittivity of 3.38 and thickness of 0.508 mm. The outer 
conductor of the coaxial line is connected to the arms on the bottom side of the 
substrate. The inner conductor of the coaxial line extends through the substrate and 




connects to the arms on the top side. The crossed dipoles are equipped with a cavity-
backed reflector to provide a unidirectional radiation pattern with a wide AR 







Figure 3.8: Simulated and measured (a) reflection coefficients (b) axial ratios of the 
multi-band antenna [56]. 
 
 




The proposed antenna has bandwidths of 1.131–1.312 GHz (181 MHz), 
1.369–1.421 GHz (52 MHz), and 1.543–1.610 GHz (67 MHz) for impedance 
matching with |S11| < -10 dB and 1.165–1.190 GHz (25 MHz), 1.195–1.240 GHz (45 
MHz), 1.370–1.395 GHz (25 MHz), and 1.565–1.585 GHz (20 MHz) for an AR of 
< 3dB as shown in Figure 3.8. 
 
 On the other hand, [84] reported a novel composite cavity with unequal-
length crossed fins is designed and integrated with the antenna to enhance the front-
to-back ratio (FBR) of the antenna. It is well known that the surface wave 
propagating along the ground plane reradiates at the ground plane edge and thus 
increases the side-lobes as well as the back lobe of the antenna. Therefore, 




Figure 3.9: Geometry of the proposed antenna with a composite cavity [84]. 
 
The antenna is etched on a 0.817 mm thick Rogers RO4003C substrate with a relative 
permittivity of 3.55 and a loss tangent of 0.0027. Furthermore, the patches are 
employed to tune the impedance matching of the proposed antenna by introducing 
proper capacitance. Similar to the conventional crossed dipole CP antenna, the 




proposed antenna radiates in bidirectional that makes RHCP toward the broadside 
and LHCP backward. The proposed composite cavity placed underneath the antenna 







Figure 3.10: (a) Prototype of ultra-wideband composite cavity backed CP antenna 
and VSWR and (b) simulated and measured ARs of the antenna with and without a 
cavity [84]. 
 




3.4 GNSS ADAPTIVE ANTENNA ARRAYS 
Modern GNSS receivers require antennas that cover wider bandwidths over a wider 
range of frequencies than older GPS-only antennas. One way to achieve greater 
bandwidth is to employ wideband antenna designs, such as bowtie dipoles or spiral 
antennas. Unfortunately, these antennas tend to be relatively large in size [85]–[87]. 
A critical challenge with these smaller antennas is the feed structure, which must 
achieve RHCP radiation, employ simple materials and bonding, and must be 
affordable. Therefore, it is important to employ readily available materials, and non-
contact proximity feeds, as was done in [88] and [89].  
 
The 33 mm diameter tri-band GNSS antenna and associated anti-jamming 
GNSS array in [88] were among the first proximity excited multiband antennas to be 
presented. It was fed by a single coaxial cable leading to a Wilkinson power divider 
together with a quarter-wavelength delay for CP.  
 
The antenna is a stacked patch, a six- element version of the array with 114 
mm in diameter. Its geometrical configuration is shown in Figure 3.11, indicating 
two stacked circular patches printed on different substrates material. The antenna 
was designed to support two orthogonal modes that combine to deliver a CP 
operation.  
 










Figure 3.11: (a) Prototype using high-contrast substrates and (b) associated 
Wilkinson divider for feeding using a single coax feed at Port 1 and (c) gain of the 
patch [88]. 




The geometrical parameters for the feed in Figure 3.11 (b) that were found to 
achieve good gain at all frequencies are: D = 33 mm, 𝑑1 = 26 mm, 𝑑2= 22 mm, ℎ1 = 
6mm, and ℎ2 = 8 mm. Figure 3.11 also shows the boresight gain curves, which show 
2.5 dBi to  5 dBi at the lower (L5/ E5a, E5b, and L2) and higher (L1) bands. 
 
Referring to Figure 3.11, this GNSS antenna covers all said bands and has the 
following optimized parameters. The simulated and measured gain performance is 
shown in Figure 3.11 (c). Its gain in the bands of interest is always greater than 0 dB 
and even reaches more than 4 dBi at some bands. Specifically, the lower mode of the 
stacked patches covers the L5/ E5a, E5b, and L2 bands with RHCP gain above 3-dB, 
whereas the high mode covers the L1 band with a gain of 5 dBi.  
 
For the array formation, the antenna in Figure 3.11 was used to form a six-
element circular array shown in Figure 3.12. Key to this performance is coupling 
reduction between adjacent antenna elements within the array. 
 
For smaller array sizes, it is important to reduce the antenna element size even 
further than shown above. A 25 mm GNSS antenna element was first presented by 
Zhou et al. [90].  Instead of using higher-contrast dielectric substrates that would 
reduce bandwidth, slots are introduced on the printed surface of the GPS antenna. A 
similar concept was introduced in [91] and  [92] adopted four spiral slots to design a 
proximity-fed dual-band stacked patch.  
 










Figure 3.12: (a) GNSS antenna array design and (b) fabricated prototype [88]. 
 
Kasemodel et al. [85] and Svendsen et al. [93] presented a spiral array antenna 
capable of continuous operation from 1.1 to 1.6 GHz. The array is shown in Figure 
3.13. The array is designed to be placed on a ground plane, making it suitable for 
mounting on small vehicles. In [85], the dielectric layer is formed from a polymer, 
allowing precise control of its dielectric constant while also reducing weight and 
increasing mechanical durability as compared to more rigid and brittle dielectric 
materials. 






Figure 3.13: Four-element and six-element spiral array [85], [93]. 




The array elements are connected in the center with resistors, and ferrite 
beads are used to terminate the spiral arms. These techniques improve return loss 
and axial ratio while maintaining good gain and upper hemispherical coverage. In 
the absence of interference, the array is designed to operate in a reference mode 
where all elements are excited with equal weight and progressive phase. This 
produces a rotationally symmetric boresight pattern with RHCP polarization. The 
densely packed array produces significant mutual coupling between elements. 
However, the array has been designed with each element effectively exciting the 
entire aperture. The small size of the array and the wideband nature of the spiral 
results in desirable phase and delay characteristics.  
 
Meanwhile, in [93] altered the square spiral array in [85] and presented a 
dual-band array for handheld GPS receivers. Handheld applications are more 
challenging since the antenna array must be extremely lightweight, be very robust, 
occupy a small volume, be inherently portable, and be easy to fabricate. The array 
presented in consists of a tightly packed 2 × 2 array of square spiral elements that 
form a small, 4 × 4 inch2 (102 × 102 mm2) aperture that can flip out from a handheld 
receiver. Again, the array operates in a reference mode with no interference. The 
resulting RCHP polarized pattern is broad with good peak realized gain. The authors 
show simulations of the antenna performance with space-time adaptive processing 
(STAP). They demonstrate their ability to operate in scenarios with several 
narrowband and wideband interference sources. 
 










Figure 3.14: (a) Antenna array geometry formed by five identical patch antennas 
and (b) radiation pattern at φ = 0° and φ = 90° [94]. 
 
A recent study by [94] has proposed a new method to extract the optimal 
complex weights for suppression of the jamming signals in a GPS antenna array in 




the presence of mutual coupling. The proposed antenna array geometry is shown in 
Figure 3.14. All patch antennas are printed on a square RO4003 substrate with a 
length of L = 20 cm, 30 mm thickness and relative permittivity of 𝑟 = 3.55.  
 
The full wave simulation patterns of the standalone GPS antenna element and 
the reference active element patterns in the array (fifth elements) is shown in Figs. 
3.14(a) and (b). It shows the normalized antenna radiation patterns comparison at φ 
= 0, 90˚ planes where the antenna gain is 5.24 and 3.94 dB for the stand alone and 
reference antennas, respectively. The null steering method was performed by using 
the exact active element patterns of the array antenna. These patterns include the 
mutual coupling effect and the nearby antenna scattered such as holder which 
increase the antenna performance to deal with the jammer sources which was not 















Nevertheless, we can summarize the basic antenna types applicable to GNSS, and a 
broad overview of their characteristics, in Table 3.1.  
 
 












DRA 90 × 90 × 
51.6 






80 × 80 × 
6.024 














90 × 90 × 
8.135 
1.17 to 1.6 GHz  
(L1, L2, L5) 
1.47 to 1.63 GHz 
(L1) 








160 × 160 
× 23 
1.125 to 1.625 GHz 
(L1, L2, L5) 
<1.5 dB  






250 × 250 
× 50 
1.164 to 1.614 GHz 
(L1, L2, L5) 
<3 dB 





88 × 88 × 
1.6 
1.122 to 2.344 GHz 
(L1, L2, L5) 
1.27 to 1.6 (L1) 





In this chapter, some significant achievements in GNSS antenna technologies 
have been reviewed. It has been clearly shown that the research of GNSS antenna is 
of great significance to the modern industry and it will still be an important research 
topic for the coming decades. The studies of antenna for GNSS applications have 
been highlighted and discussed in detail. It was found that most existing antennas in 
the literature have not been focused on broadband antennas due to the difficulty and 
complexities in the design. The information presented in this chapter is useful to gain 
a better understanding on the state of art in antenna designs and meanwhile identify 







120 × 120 
× 30.55 
1.274 to 2.360  
(L1, L2) 







120 × 120 
× 40 
 
1.555 to 1.665 GHz 
(L1) 
1.220 to 1.385 GHz 
(L2) 
1.565 to 1.595 GHz  
(L1) 







120 × 120 
× 62.5 
1.05 to 1.79  
(L1, L2, L5) 
1.12 to 1.64 GHz   
(L1, L2, L5) 




CHAPTER 4:  
A CROSSED-DIPOLE ANTENNA WITH PARASITIC 
ELEMENTS  
4.1 INTRODUCTION 
With the deployment of a few noteworthy Global Navigation Satellite Systems 
(GNSSs) for example GPS, GLONASS, COMPASS and many more frequency 
bands will be accessible for positioning applications. GNSS applications have 
multiplied internationally, not only in the military field but also in business and 
consumer markets.  
 
Global positioning systems typically transmit in CP due to its features of non-
sensitive to Faraday rotation introduced by the ionosphere and its potential of 
reducing polarization mismatch and multipath interferences. Different designs of 
single and dual-band CP antennas in the GNSS frequency bands have been reported: 




e.g., crossed dipole [58], monopole [59], slotted [64], [65], stacked patch [69], [70] 
and dielectric resonator [75]–[77] antennas. Nevertheless, almost all these antennas 
have inadequate 3-dB AR bandwidth to meet the requirements of GNSS applications, 
due to the lack of techniques to broaden the CP radiation bandwidth. Recently, 
single-feed CP antennas with a compact radiator have been designed for GNSS 
applications [55], [56]. However, their operational bandwidth does not completely 
cover the GNSS spectra.  
 
This chapter presents a broadband and broad beamwidth circularly polarized 
antenna to cover the GPS L1-L5 bands, GLONASS G1, G2 and G3 as well as the 
Galileo E5a, E5b, E6 and E1bands (1.08 GHz – 1.69 GHz). A printed vacant-quarter 
ring is used as a 90-degree phase delay line between the dipole pair to produce the 
CP radiation. The detailed dimensions are presented, and good results are obtained. 
The CST Microwave Studio is employed for the numerical simulation. 
 
4.2 AN ANTENNA WITH PARASITIC ELEMENTS  
4.2.1 Antenna Design Configurations 
Figure 4.1 and Table 4.1 show the geometry and the dimension of the proposed 
broadband CP antenna, respectively. The antenna comprises two printed cross 
dipoles and a coaxial line. The dipoles are printed on both sides of a Rogers RO3210 
substrate with a relative permittivity of 10.2 and thickness of 1.28 mm.  
 





Figure 4.1: Geometry of the proposed antenna: (a) top view and (b) side view. 
 
Table 4.1: Dimension of The Proposed Antenna 
Parameter Value (mm) Parameter Value (mm) 
Lg 90.0 L 66.0 
R1 4.7 R2 5.5 
W1 20.0 W2 8.0 
W3 8.5 H1 15.5 
 
The proposed antenna is designed to meet the needs of multiple GNSS. The 
critical part is the feeding structure which is relatively new, and the dimensions 
should be optimized. The elliptical cross-dipole antenna is produced on both sides of 
the PCB board. The antenna was fed with a 50 Ω coaxial line. The outer conductor 
of the coaxial line was connected to the dipole arms on the bottom side of the 




substrate while the inner conductor of the coaxial line was extended through the 
substrate and connected to the dipole arms on the top side.  
 
The pair of dipoles is linked by a vacant quarter printed ring to generate 90° 
phase delay line and produce the RHCP radiation field at the front side of the antenna 
and the LHCP radiation field at the back side. The reason of choosing the cross-
dipole in this design are the impedance bandwidth of the cross-dipole is much 
broader than a conventional microstrip patch antenna, and it is much easier o 
generate the CP radiation and obtain a broader CP bandwidth by using the feeding 
mechanism as mentioned above.  
 
Furthermore, the antenna is composed of four parasitic element and four 
metallic cylinder that are excited by coupling with the elliptical crossed dipole in the 
center. Figure 4.2 shows the theory of how to broaden the beamwidth. The ordinary 
microstrip antenna radiates mainly towards the elevation angle of 90°. Meanwhile, 
the crossed dipoles radiate mainly towards the elevation angle of 0°. Therefore, when 
the ordinary microstrip antenna is combined with the loaded monopoles, the two-
elevation angle of highest gain of the two radiation patterns could be merged into 
one, and their radiation fields are added together, forming a broad radiation pattern 
in both the 𝑋𝑜𝑍 and  𝑌𝑜𝑍 planes. Based on this theory and our numerical simulations, 
the vertical half power beamwidth (HPBW) of the microstrip antenna could be 
widened. 
 





(a)                             (b)                                         (c) 
Figure 4.2: Vertical radiation patterns for the antennas. (a) elliptical cross-dipole 
(b) parasitic element and loaded monopole and (c) crossed dipole surrounded by 
parasitic elements and monopoles. 
 
By adjusting the size of the parasitic elements and the edge of the dipoles, the 
coupling strength can be optimized. The antenna was optimized via CST Simulation 
Software. For the initial design of the proposed antenna, it was first to design in free 
space to provide resonance in the GPS L1 and L2 bands. 
 
4.2.2 Antenna Performances 
The simulated 𝑆11, axial ratio and gain of the antenna with different values of the 
ground plane length 𝐿𝑔 are depicted in Figures 4.3 to 4.4, respectively. The 
bandwidth of the antenna for 𝑆11 < -10 dB is improved by reducing the size of the 
ground plane. The impedance bandwidth of the antenna covers from 1.08 to 1.69 
GHz when the size of ground plane is 90 mm × 90 mm which is completely cover 
the entire GPS bands (L1: 1.575 GHz, L2: 1.227 GHz, L3: 1.381 GHz, L4: 1.379 
GHz and L5: 1.175 GHz) and Galileo (E1; 1.575 GHz, E5: 1.191 GHz and E6: 1.279 
GHz).  
 




Meanwhile, the CP bandwidth (AR < 3-dB) shows a decrease at the lower 
frequency when the size of the ground plane is reduced, but at the upper frequency 
bands, the axial ratio is reduced. It covers from 1.55 to 1.63 GHz which involves the 
L1 and E1 frequency bands and from 1.12 to 1.26 GHz for L2, L5, and E5. 
 
Figure 4.3: The simulated S11 with different values of 𝐿𝑔  of the proposed antenna. 
 
 

































Figure 4.6: The simulated axial ratio with different values of W of the proposed 
antenna. 
 
In another case, the antenna also simulated with different values of W3 which 
is the radius of a parasitic element at the upper cylinder. The simulated results of S11, 



























impedance bandwidth of the antenna did not change much, but the resonant 
frequency seems to be shifted to the higher frequency bands when the radius of the 
parasitic element is too small. 
 
However, as shown in Figure 4.6, the CP bandwidth (AR < 3-dB) is highly 
sensitive to the variation of the parasitic element size. The axial ratio decreased when 
the size of the parasitic element is enlarged at the lower frequency. Meanwhile, at 
the upper frequency bands, the axial ratio decreased when the size of the element 
reduced. The optimal value of W is 8.5 mm to cover the desired bandwidth. Thus, as 
shown in Figure 4.6, when W = 8.5, the CP bandwidth for AR < 3-dB is from 1.13 




Figure 4.7: The simulated radiation pattern with and without the parasitic elements 
of the proposed antenna at (a) GNSS L2  (b) GNSS L1. 
 




The simulated radiation patterns are demonstrated in Figure 4.7, indicating 
that hemispherical shape radiation patterns with good symmetry is obtained. It can 
be seen that the radiation pattern is greatly enhanced by the introduction of the 
parasitic elements for both operating bands.  
 
Figure 4.8 presents the RHCP radiation patterns in two orthogonal planes. 
For both the  𝑋𝑜𝑍 and  𝑌𝑜𝑍 planes, the HPBW is more than 170°. The operation at 
other frequencies is given in Table 4.2. At each frequency, the antenna shows a wide 
angular coverage for both HPBW and 3-dB axial ratio beamwidth.  
 
 
Figure 4.8: RHCP radiation patterns in  𝑋𝑜𝑍 and  𝑌𝑜𝑍 planes at 1.575 GHz. 
 
Table 4.2: 3 dB Beamwidth of The Proposed Antenna 
Frequency band HPBW (deg) 
𝑿𝒐𝒁 /  𝒀𝒐𝒁 
3-dB axial ratio 
beamwidth (deg) 
𝑿𝒐𝒁 /  𝒀𝒐𝒁 
GNSS: L1 172 / 170 157 / 140 
GNSS: L2 120 /120 140 / 120 
GNSS: L5 180/174 134 / 156 




The final design was fabricated and measured. The comparison of the 
simulated and measured reflection coefficients of the fabricated antenna is shown in 
Figure 4.9 (a) and (b). The antenna was measured in an anechoic chamber using a 
vector analyzer. The simulated and measured reflection coefficients of the antenna 
are depicted in Figure 4.10.  
 
It can be seen that the results agreed reasonably well within the bandwidth.  
The |S11|< –10 dB measured bandwidths of the lower and upper bands were merged, 
and the result ranged from 1.060 to 1.671 GHz. The simulated bandwidths were 
1.077–1.683 GHz. Figure 4.11 shows the simulated and measured axial ratio of the 
proposed antenna. It can be seen that a very good agreement was obtained between 
simulation and measurement. The CP bandwidth AR ˂ 3-dB is from 1.093 to 1.257 
GHz (164 MHz) and 1.542 to 1.666 GHz (124 MHz) as expected.  
 
 
(a)                                                           (b) 
Figure 4.9: Photograph of fabricated antenna (a) front view and (b) perspective 
view. 





















Figure 4.10: Measured and simulated results of the proposed antenna: |S11|. 



















Figure 4.11: Measured and simulated results of the proposed antenna: AR. 
 





A new broadband cross-dipole antenna has been proposed and designed for the 
GNSS applications. The impedance bandwidth is very broad to cover the entire GPS, 
Galileo, and GLONASS bands. The structure of the antenna is compact and unique. 
The dimension of the antenna is 90 mm × 90 mm × 15.5 mm which is small and 
compact. The proposed antenna has bandwidth of 1.06 to 1.671 GHz (611 MHz) for 
impedance matching |S11| < -10 dB and 1.093 to 1.257 GHz (164 MHz) and 1.542 to 
1.666 GHz (124 MHz) for an AR < 3-dB. All the results have demonstrated that the 
antenna is an excellent candidate for the GNSS application. 
 
Table 4.3: Comparison with Existing GNSS Antenna Designs 
Ref. Size (mm
3





Ref [16] 160 × 160 × 23 1.125 to 1.625 (L1, 
L2, L5, E6) 
<1.5dB (L1, 
L2, L5) 
DRA + hybrid 
feeding 
network 
Ref [5] 88 × 88 × 1.6 1.122 to 2.344 
(L1, L2, L5, E6) 












90 × 90 × 15.5 1.06 to 1.671 
(L1, L2, L5, E6) 
1.093 to 1.257 
(L5, L2) 










In order to evaluate the achievements of the proposed antenna with respect to 
available designs, the proposed antenna is compared with recently published designs 









CHAPTER 5:  
A CIRCULARLY POLARIZED ANTENNA BACKED 
BY AN AMC GROUND PLANE 
5.1 INTRODUCTION 
Artificial Magnetic Conductor (AMC) is a type of implemented metamaterial in 
several antenna and microwave design applications. By utilizing the unique 
characteristics of metamaterials which do not exist naturally, the performance of 
various microwave devices can be enhanced. This chapter elaborates on the technical 
perspective and recent works on AMC for antenna applications. The technical 
perspective discusses the theoretical aspects, simulation design procedures, and the 
measurement setup used to characterize the AMC unit cell. Subsequently, various 
recent works of antenna design that involve the incorporation of AMC are discussed 
thoroughly. Each of the recent works is highlighted with specific performance 
enhancements that can be achieved with the introduction of AMC. 




5.2 ARTIFICIAL MAGNETIC CONDUCTOR (AMC) 
AMC is a metamaterial which mimics the characteristics of a perfect magnetic 
conductor (PMC). A useful PMC characteristic that mimicked by AMC is the ability 
to provide zero-degree reflection phases at its resonant frequency[96]. 
Electromagnetic band gap (EBG) technology has become a significant breakthrough 
in the radio frequency (RF) and microwave applications due to their unique band gap 
characteristics at certain frequency ranges.  
 
Since 1999, the EBG structures have been investigated for improving 
performances of numerous RF and microwave devices utilizing the surface wave 
suppression and the artificial magnetic conductor (AMC) properties of these special 
type metamaterial. Issues such as compactness, wide bandwidth with low attenuation 
level, tunability, and suitability with planar circuitry all play an important role in the 
design of EBG structures.  
 
EBG structure can be defined as fabricated periodic elements that may hinder, 
allow, or confine electromagnetic waves propagation within a specified span of 
frequencies [97]. These structures are formed by arranging dielectric material and 
metallic conductors periodically. When plane waves are incident upon an EBG 
structure, the reflection coefficient phase varies with frequency. At a frequency, the 
incident wave encounters a reflection phase of zero degrees. At this frequency, the 
EBG functions as an AMC. This structure when integrated onto a microstrip antenna 
below the radiating patch functions either as a reflector or as an artificial ground 
plane [98]. 




The main problem of an antenna equipped with a metallic reflector is often 
addressed by including a quarter-wavelength space between the radiating elements 
and the reflector to obtain optimal antenna characteristics. These can be 
circumvented by using an AMC surface instead of a metallic reflector. The AMC, 
which consists of a lattice of metal plates on a grounded dielectric substrate 
with/without grounding vias, can mimic a perfect magnetic conductor (PMC) over a 
certain frequency band.  
 
By combining the crossed dipole radiators and the finite AMC surfaces, low-
profile multiband CP antennas that are nearly completely matched to a single 50 Ω 
source and have high radiation efficiencies have been implemented. More 
interestingly, surface waves propagating on the finite AMC are excited to generate 
extra operating bands for the radiating system. It was shown that the extra bands 
could be favorably used to enhance the bandwidth of the antenna.   
5.2.1 AMC Properties 
AMC-based antennas have been intensely developed for enhancing their 
performance, including bandwidth and unidirectional radiation pattern with a 
miniaturized profile. The AMC surface, also known as a high-impedance surface 
(HIS) [99], an EBGs [97], or a reactive impedance surface [100], can mimic a PMC 
within a certain frequency range. Therefore, the AMC surface allows for the 
placement of the antenna in proximity with good impedance matching and highly 
efficient radiation. In many applications, an antenna works at two different 
frequencies simultaneously; consequently, the AMC structure requires dual-band 




operation that can match the antenna’s working frequencies. Many LP antennas on 
AMC surface [101]–[105] have been presented for dual-band operation, but there are 
still a limited number of studies on CP antennas loaded with the dual-band AMC 
structures. Recently, a dual-band LP dipole was designed on a dual-band 
polarization-dependent EBG surface to realize a dual-band CP antenna [106]. 
However, its AR bandwidth is insufficient for some applications.  
 
AMCs are used in low-profile microstrip antennas to generally improve their 
gain and bandwidth [107]–[110] and directivity [111]. Usually AMC cells are 
fabricated as periodic structures. However, in [112], a multi periodic AMC structure 
is used to improve gain and also to widen the impedance bandwidth of a planar 
antenna. In [113], a periodic AMC structure is designed by using genetic algorithm 
is found to improve the bandwidth of a wideband planar antenna. Sidelobe 
suppression is also possible with AMC structures as investigated in [114].  
 
In addition, AMC can also be implemented in a resonance cavity antenna as 
a ground plane to achieve profile reduction by almost one-half, while maintaining 
high gain performance [115], [116]. Radar cross-section reduction can also be 
achieved by combining two AMCs which have overlapping bandwidths [117]. These 
promising improvements on the characteristics of low-profile planar antennas have 
triggered various investigations on the possible geometries which form the AMC 
structure.  
 
AMC is also known as High Impedance Surface (HIS) because at its resonant 
frequency, it exhibits high surface impedance [118]. The surface impedance consists 




of real and imaginary parts. AMC can be constructed with and without vias 
connection [118]–[121]. However, for incidence wave normal to the AMC, the vias 
are not required as there are no currents excited to it [122]. Via is a shorting pin from 
the metallic patch of AMC unit cells to the ground as shown in Figure 5.1 (a). As 
shown in the figure, the AMC is consisting of several periodically arranged metallic 
unit cells of uniform dimensions with individual vias. The equivalent inductance-
capacitance presented in the AMC/HIS structure and the circuit model shown in 




(b)                                                    (c) 
Figure 5.1: (a) An array of AMC unit cells with each vias connected to the 
ground plane, (b)the equivalent inductance capacitance circuit, and 
(c)circuit model [102]. 
 
Conventional antenna tends to use Perfect Electric Conductor (PEC) (or in 
practical, conductive layer like copper) as a conventional background plane [123]. 




The PEC layer functions as the reflector of the antenna. However, the drawback of 
the PEC layer is the produced reflected wave that is 180° out of phase with respect 
to the source wave, J as shown Figure 5.2 (a). The source wave is a wave (wave 1) 
that initially flows along the radiating part of the antenna. The out of phase reflected 
wave (wave 2) induces destructive interference with the source wave. This 
interference cancels out or greatly attenuates the source wave from the antenna, 
hence reducing its radiation efficiency.  
 
 
(a)                                        (b)                                          (c) 
Figure 5.2: Antenna separated (a) closely and (b) further from the ground plane. 
(c)Antenna incorporated with AMC is in very close proximity with the ground 
layer [98]. 
 
Subsequently, the gain of the antenna decreases. In this case, the antenna 
might not properly match due to the strong field cancellation. The undesired effect 
of the PEC layer can be minimized by having the PEC layer at a minimum distance 
of λ/4 from the radiating antenna as in Figure 5.2 (b). The corresponding distance 
considered the 𝜋 phase shift of the reflected wave (from the PEC) that will 
constructively interfere with the source wave (from the antenna). Additionally, the 
impedance matching at the resonant frequency is also improved. Unfortunately, the 




drawback of the introduction of such distance increases the overall antenna 
dimensions.  
 
Thus, the antenna structure is no longer low-profile, a characteristic most 
desirable in antenna designs especially in space limited conditions such as in 
microwave circuitry of portable devices. In contrast, PMC (or AMC in practical) 
generates reflected waves that are similar in the direction of the original current with 
the reflection coefficient of magnitude |Г| that equals to +1. As illustrated in Figure 
5.2 (c), the reflected wave by AMC is in-phase with the source wave.  
 
The additional reflected waves constructively interfere with the source wave. 
The combining effect from both reflected wave and source wave improves the 
radiation efficiency and gain of the antenna. Thus, a low-profile antenna can be 
realized without adding an unnecessary distance of λ/4 between the AMC ground 
plane and the antenna (as in the case of PEC ground layer). 
 
5.3 CP CROSSED-DIPOLE ANTENNA WITH AMC SURFACE 
ON FR-4 SUBSTRATE 
5.3.1 Antenna Design Configurations 
A new way of designing a dual-band CP antenna by integrating a CP radiator with a 
finite AMC surface. The broadband operation was obtained in Figure 5.3. It consists 
of a compact crossed dipole above a 5 × 5 AMC surface. The antenna was optimized 




for GNSS frequency bands with low-profile broadband characteristics and excellent 






Figure 5.3: Geometry of the proposed antenna: (a) top and (b) cross-sectional view 
of the proposed antenna. 
 
The proposed antenna is designed to meet the needs of multiple GNSS. The 
critical part is the feeding structure which is relatively new, and the dimensions 
should be optimized. The elliptical cross-dipole antenna is produced on both sides of 
the PCB board. The antenna was fed with a 50 Ω coaxial line. The outer conductor 




of the coaxial line was connected to the dipole arms on the bottom side of the 
substrate while the inner conductor of the coaxial line was extended through the 
substrate and connected to the dipole arms on the top side.  
 
Figure 5.3 shows the geometry of the dual-band, crossed, asymmetric dipole 
antenna on the dual-band AMC surface. The crossed dipoles were suspended at a 
height from the top of the reflector. The primary radiator element, which is similar 
to the one presented in Chapter 4, was designed on both sides of PCB.  
 
Figure 5.3 (b) shows the geometry of the unit cell of the AMC structure. A 5 
× 5 metal patch array forming an AMC surface was backed as a reflector of the 
proposed antenna. The unit cell was printed on a 100 mm × 100 mm FR-4 substrate 
with a relative permittivity of 4.4, a loss tangent of 0.0023, and a thickness of 10 
mm. There was no via. Four slits were symmetrically inserted into the square patch 
of the AMC unit cell. A sample of the fabricated antenna is shown in Figure 5.4. The 
AMC structure was optimized via adjusting the slit shape to have the resonances 
frequency. 
 










Figure 5.4: Photograph of the fabricated antenna (a),(b) front view and (c) back 
view. 




5.3.2 Antenna Performances 
The crossed asymmetric dipoles were first optimized in free space for GNSS 
frequency bands with good CP radiation and then incorporated with PEC and AMC 
reflectors to render a unidirectional radiation pattern. To achieve a unidirectional 
radiation pattern, good impedance matching, and good low-profile CP radiation at 
both operating bands, a crossed asymmetric dipole antenna was incorporated with 
the AMC surface. Interactions between the radiator and the reflector, such as the air 
gap and finite size of the AMC surface, were meticulously considered for the 
optimization.  





















Figure 5.5: Measured and simulated results of the proposed antenna: |S11|. 
 
 
The overall size of the final design was 100 mm × 100 mm × 14 mm including 
the substrate thickness of the radiator. Since a 10 mm thick FR-4 sheet was 




unavailable, the AMC was fabricated by stacking several thin sheets and binding 
them together by using four plastic screws (not included in the simulations) to 
achieve the desired thickness. 
 
The crossed asymmetric dipole on the dual-band AMC surface was fabricated 
and measured. A comparison of the simulated and measured |S11| and AR values is 
given in Figure 5.5 and Figure 5.6. The measured impedance bandwidths of 10 dB 
were 1.196 to 2.176 GHz, values that agree closely with the simulated bandwidths 
of 1.607 to 1.845 GHz.  
 
The measured AR < 3-dB bandwidths were 1.148 to 1.761 GHz, while the 
simulated AR <3-dB bandwidths were 1.1803 to 1.795 GHz. 
 


















Figure 5.6: Measured and simulated results of the proposed antenna: AR. 
 
 








Figure 5.7: Measured and simulated results of the radiation pattern at (a) L1 and (b) 
radiation pattern at L2. 
 
Figure 5.7 (a) and (b) shows the radiation patterns of the antenna at 1.575 GHz 
(L1) and 1.227 GHz (L2), respectively. The measurements agreed well with the CST 
simulation results and showed RHCP radiation, a wide CP radiation beamwidth, and 
asymmetric pattern in both the xz and yz planes. At 1.575 GHz, the measurements 
resulted in a gain of 5.9 dBic, a front-to-back ratio of 24 dB, and a 3-dB AR 
beamwidth of 200° and 199° in the xz and yz planes, respectively. At 1.227 GHz, the 
measurements resulted in a gain of 6 dBic, a front-to-back ratio of 24 dB, and a 3-
dB AR beamwidth of 168° and 150° in the xz and yz planes, respectively. 
Additionally, the measured radiation efficiencies were about 90% and 87%, and the 
simulated values were 95% and 89%, at 1.227 GHz and 1.575 GHz, respectively. 




5.4 CP CROSSED-DIPOLE ANTENNA WITH AMC SURFACE 
ON ROGERS RT6006 SUBSTRATE 
5.4.1 Antenna Design Configurations 
Figure 5.8 shows the geometry of the proposed antenna which comprised of two 
printed dipoles as a primary radiator which is similar to the one presented in Chapter 
4, was designed on both sides of PCB, a coaxial line, and an AMC surface. The 
printed dipoles were suspended at height H above the AMC surface. The AMC was 
composed of 5 × 5 square metal patch structures that were periodically printed on 
the conductor-backed substrate.  
 
Figure 5.8 (b) shows the geometry of the unit cell of the AMC structure. A 5 
× 5 metal patch array forming an AMC surface was backed as a reflector of the 
proposed antenna. The unit cell was printed on a 100 × 100 mm2 Rogers RT 6006 
substrate with a relative permittivity of 4.4, a loss tangent of 0.0023, and a thickness 
of 12.7 mm as shown in appendices section. There was no via. Four slits were 
symmetrically inserted into the square patch of the AMC unit cell. A sample of the 
fabricated antenna is shown in Figure 5.9. 
 
 










Figure 5.8: Geometry of the proposed antenna: (a) top and (b) cross-sectional view 
of the proposed antenna (c) perspective view. 




    
    
 
Figure 5.9: Photographs of the fabricated antenna. 




The AMC structure was optimized via adjusting the slit shape to have the 
resonances frequency. The AMC substrate was made of an RT6006 material with a 
relative permittivity of 10.2 and a loss tangent of 0.0023. The characteristic 
impedance of the coaxial line was 50 Ω, and the line passed through the center of the 
AMC reflector to feed the radiator. The antenna was optimized via CST Simulation 
Software. 
 
5.4.2 Antenna Performances 
This design using a 5 × 5 cell AMC configuration with H = 12.7 mm was fabricated 
and measured. The printed dipoles were fabricated on both side of FR-4, and AMC 
reflector was fabricated on RT6006. Because a 12.7 mm thick RT6006 sheet was 
unavailable, the AMC was fabricated by stacking two sheets and binding them 
together by tape to achieve the desired thickness. The antenna was measured in an 
anechoic chamber using a network analyzer.  
 
The comparison of the simulated and measured reflection coefficients of the 
antenna is shown in Figure 5.10. The |S11|< –10 dB measured bandwidths of the 
lower and upper bands were merged, and the result ranged from 1.153 to 2.36 GHz. 
The simulated bandwidths were 1.154 to 1.929 GHz. The slight difference between 
the measurement and the simulation could be attributed to the effects of the binding 
process.   
 
   

























Figure 5.10: Measured and simulated results of the proposed antenna: |S11|. 


















Figure 5.11: Measured and simulated results of the proposed antenna: AR. 
 
 




Figure 5.11 shows the measured and simulated AR bandwidth values of the 
antennas, which also yielded a good agreement between the two. The measured 3-
dB AR bandwidths were 1.170 – 1.970 GHz. The simulated 3-dB AR bandwidths 
were 1.199 – 1.9 GHz. Figure 5.12 (a-d) shows the radiation patterns of the crossed 
dipole on the AMC surface at L5 (1.176 GHz), L2 (1.277 GHz), E6 (1.3 GHz) and 
L1 (1.575 GHz), respectively and which shows good agreement between the 
measurements and the simulations.  
 
The radiation was RHCP and symmetric in both the 𝑥𝑧 and the 𝑦𝑧 planes. At 
1.176 GHz, the measurements yielded a gain of 7.55 dBic, a front-to-back ratio of 
24 dB, half-power beamwidths (HPBWs) of 100° and 102° in the 𝑥𝑧 and 𝑦𝑧 planes, 
respectively, and 3-dB AR beamwidths of 161° and 120° in the 𝑥𝑧 and 𝑦𝑧 planes, 
respectively. At 1.227 GHz, the measurements yielded a gain of 7.7 dBic, a front-
to-back ratio of 26 dB, HPBWs of 100° and 102° in the 𝑥𝑧 and 𝑦𝑧 planes, 
respectively, and 3-dB AR beamwidths of 112° and 134° in the 𝑥𝑧 and 𝑦𝑧 planes, 
respectively.  
 
At 1.3 GHz, the measurements yielded a gain of 8.1 dBic, a front-to-back 
ratio of 25 dB, HPBWs of 105° and 103° in the 𝑥𝑧 and 𝑦𝑧 planes, respectively, and 
3-dB AR beamwidths of 124° and 145° in the 𝑥𝑧 and 𝑦𝑧 planes, respectively. At 
1.575 GHz, the measurements yielded a gain of 7.94 dBic, a front-to-back ratio of 
27 dB, HPBWs of 90° and 96° in the 𝑥𝑧 and 𝑦𝑧 planes, respectively, and 3-dB AR 
beamwidths of 168° and 135° in the 𝑥𝑧 and 𝑦𝑧 planes, respectively. Also, the 
measurements resulted in high radiation efficiencies, which were 87%, 88%, 90%, 
and 91% at 1.176 GHz, 1.227 GHz, 1.3 GHz, and 1.575 GHz, respectively. 













Figure 5.12: Measured and simulated radiation pattern results of the proposed 
antenna at (a) L5; (b) L2; (c) E6; (d) L1. 
 





The size of the AMC surface was a crucial factor in defining the original and 
additional operating CP bands of the antenna. The measured results of the proposed 
design with a size of 100 × 100 × 10 mm3 FR-4 material AMC and yielded an 
impedance bandwidth of 1.196 to 2.176 GHz for the |S11|<–10dB and 3-dB AR 
bandwidths of 1.148 to 1.761 GHz. Meanwhile, the measured results of the proposed 
design with a size of 100 × 100 × 12.7 mm3 Rogers RT6006 material AMC and 
yielded an impedance bandwidth of 1.153 to 2.36 GHz for the |S11|<–10dB and 3-dB 
AR bandwidths of 1.170 – 1.970 GHz. Additionally, the proposed antenna exhibited 
RHCP and high radiation efficiency (> 90%) in both bands. With a low profile, 
broadband characteristics, and high radiation efficiency, the proposed antenna could 
be widely applied to dual-band GNSS applications as well as in many other kinds of 
satellite communications. 
 
 The interesting features of the AMC-based crossed dipole antennas are not 
only their ability to achieve high efficiency with a low profile but also to generate 
additional resonances and the corresponding additional CP radiation features. These 
were utilized to add other operating bands or to broaden the antenna bandwidth. 
However, further investigations of these phenomena have not been rigorously 
pursued. The challenge is to develop a theoretical model that can be used to predict 
the extra resonances exist in all of the antennas. Consequently, future work should 
consider the suppression or utilization of these resonances depending on whether or 
not they would be beneficial to the antenna in selected applications.  
 




In order to evaluate the achievements of the proposed antenna with respect to 
available designs, the proposed antenna is compared with recently published designs 
as tabulated in Table 5.1.  
 
Table 5.1: Comparison with Proposed Antenna without AMC 
Ref. Size (mm
3









90 × 90 × 
15.5 
1.06 to 1.671 
(L1, L2, L5, E6) 
1.093 to 1.257 
(L5, L2) 







AMC surface on 
FR-4 substrate  
100× 100 × 
10 
1.196 to 2.176 
 (L1, L2, L5, E6) 
1.148 to 1.761 







AMC surface on 
Rogers RT6006 
substrate  
100 × 100 
× 12.7 
1.153 to 2.36  
(L1, L2, L5, E6) 
1.170 to 1.970 












CHAPTER 6:  
DESIGN OF ANTI-JAMMING ANTENNA FOR THE 
GNSS RECEIVER 
6.1 INTRODUCTION 
Global Navigation Satellite System (GNSS) receivers are highly susceptible to radio 
frequency interference (RFI) due to the weak signals of the satellites. The 
interference sources could be intentional, such as high and medium-powered 
jammers with various signal modulations, or unintentional, such as in-band signals 
of civilian and military terrestrial navigation systems and out-of-band harmonics of 
terrestrial digital video broadcasting [124]. Due to the vast number of applications 
relying on GNSS, interference mitigation is of high importance in military and 
increasingly in civilian sectors. 




6.2 OVERVIEW OF INTERFERENCE THREAT  
Radio frequency interference on GNSS frequencies can originate from a variety of 
sources, including aircraft avionics and ground-based sources such as radar and 
aeronautical emitters [125]–[127]. In some cases, navigation signals share spectrum 
with other signals [125], [127]–[129]. In a more difficult case, the interference could 
come from hostile jamming. There is a range of interference and jamming waveforms 
including continuous wave (CW), pulsed CW, narrowband and broadband Gaussian 
noise, and phase-shift keyed pseudo-noise. To understand the detrimental effects of 
interference, it is necessary to appreciate the weak signal strength of GNSS satellite 
signals. 
 
Spoofing and meaconing are structural wideband intentional interference 
which misdirect target GNSS receivers into generating fictitious position and/or 
timing solutions [130], [131]. Meaconing is a replayed version of a recorded genuine 
GNSS signal whereas spoofing is a fake signal that is designed to mimic the authentic 
signal’s structure. Under a spoofing or meaconing attack, a receiver provides position 
and timing solutions with good signal quality measures. However, the solutions do 
not represent the actual location or time of the victim user. Due to the widespread 
use of civilian GNSS dependent systems, motivation has increased to spoof GNSS 
signals for scores of illegal activities. Therefore, spoofing is becoming a more serious 
type of threat for future applications and this necessitates proper countermeasures 
[132], [133]. Many research groups have been involved in the vulnerability analysis 
of GNSS to spoofing attack (e.g., [130], [131], and [133]–[135]). 
 




State-of-the-art interference suppression systems for GNSS receivers utilize a 
multi element antenna array with an adaptable reception pattern. Adaptive arrays 
allow greater performance over a single element antenna by their ability to provide 
beamforming/null steering in specific directions. This gives the system spatial 
degrees of freedom with which to separate the desired and undesired signals. 
 
6.3 CIRCULAR POLARIZED CROSSED-DIPOLE ANTENNA 
6.3.1  Antenna Element Design 
Reducing an antenna array’s size to fit into conventional single antenna receivers has 
been a major focus of the research in this area in the past few years [136].  In order 
to have a compact array, the previous design has been optimized to reduce the 
electrical the size of antenna elements and extend the impedance and CP bandwidths.  
 
In addition to the existing inductive loading approach, a combination of 
elliptical and circle loop radiator for the dipole arms to develop a small size 
broadband CP antenna has been proposed. The electrical size of the complete antenna 
can be further reduced to 0.22 λ0 × 0.22 λ0 × 0.001 λ0. Moreover, the proposed antenna 
enables a broadband operation from 1.03 to 2.58 GHz. To the authors’ knowledge, 
we have probably reported the smallest electrical size for CP crossed dipoles with a 
similar frequency coverage and a relatively wide bandwidth (e.g., FBW > 30%). 
 
The 3D disassembled view of the proposed crossed dipole antenna with 
parasitic elements is depicted in Figure 6.1. There are two layers of PCBs employed 




in this design. The substrate materials for both circuit boards are the low-cost FR4 
with a relative permittivity of 4.3 and a thickness of 1.6 mm. The crossed dipole 
antenna is located at the bottom layer and printed on both sides of the PCB. It is fed 
by using a typical 50 Ω coaxial cable that is perpendicular to the board. In addition, 
a parasitic element is printed on the top layer substrate and stacked over the crossed 
dipole without a gap. It couples to the crossed dipole through the substrate without 
any electrical connections to the antenna.  
 
To have a better illustration of the design, the detailed geometry of the 
proposed antenna is shown in Figure 6.2. There are several notable features in this 
design. The main aim of using such a “combination elliptical and circle shaped loop” 
structure is to improve/broaden the impedance bandwidth as well as the axial ratio 
(AR) bandwidth of the crossed dipole. It can also reduce the resonant frequency of 




Figure 6.1: 3D disassembled view of the proposed crossed dipole antenna with 
parasitic elements. 








Figure 6.2: Detailed geometry of the proposed antenna (a) Crossed dipole antenna.  
(b) Side view of the antenna. 
 
 
The antenna was built and modelled using the CST software. After software 
simulation and optimization, the final antenna parameters (as given in Figure 6.2) 
are listed in Table 6.1. The lowest resonant frequency of the antenna was found to 
be about 1.03 GHz. According to the antenna dimension in Table 6.1, the electrical 
size of this antenna is only around 0.22 λ0 × 0.22 λ0. 
 
 













WR 28  WD 1.5 
LR 35 RD 6 
WL 0.8 Ly 1.6 
LS 64 Lv 0.5 
WF 6 Lz 0.5 
LF 8.4 Lx 8.0 
 
 To have a better understanding of this novel antenna design, the evolution of 
the antenna design is shown in Figure 6.3. It can be seen that the starting point of this 
design is atypical CP crossed dipole where the arms of the dipole are strip lines with 
a width of 6 mm and a length of 34 mm. The feeding structure is identical to that of 
the proposed antenna as given in Figure 6.3. in this scenario, the total length of the 
dipole is about 84 mm after taking the feeding structure into account. If the antenna 
is considered as a typical half-wavelength dipole, the resonant frequency of this 
antenna can be estimated at around 1.7 GHz [137].  
 
 
Figure 6.3: Evolution of the antenna design: a conventional crossed dipole is 
converted to an egg-shaped loop radiator; finally, the proposed antenna is designed 
with combination elliptical and circle shaped loop radiator. 




Next, to broaden the bandwidth of the crossed dipole, the arms are changed 
to elliptical, egg-shaped structures. The loop structure also reduced the resonant 
frequency of the antenna. Finally, the antenna optimized by changing a few points 
of the radiator to get the combination structure.  
 
It has been demonstrated that by modifying the crossed dipole from a 
conventional reference structure to the proposed novel structure, the lowest resonant 
frequency has been reduced from 1.3 to 1.03 GHz, while the impedance and CP 
bandwidths have been improved from 37.5% and 12.5% to 89.5% and 87% 
respectively. The electrical size of the proposed antenna is only around 0.22 λ0 × 0.22 
λ0. Figure 6.3 shows the evolution of the antenna design from a conventional crossed 
dipole to an egg-shaped crossed dipole with radiator and finally the proposed antenna 
with combination of elliptical and circle loop of radiator.  





















Figure 6.4: Simulated S11 of the reference crossed dipole antenna, the egg-shaped 
crossed dipole using loop radiators and the proposed antenna. 



























Figure 6.5: Simulated axial ratio (AR) of the reference crossed dipole antenna, the 
egg-shaped crossed dipole using loop radiators and the proposed antenna. 
 
6.3.2  Antenna Element Performance 
In order to gain a better understanding of the operation mechanism of the proposed 
antenna, the simulated current distributions at three different frequencies are shown 
in Figure 6.6 for phase = 0° and 90° respectively.  
 
It is noted that, when the phase = 0°, the currents are mainly distributed on 
the vertical arms of the crossed dipole as well as the vertical part of the parasitic 
element. While the current distribution on the horizontal dipole and horizontal part 
of the parasitic element becomes stronger when the phase = 90°. This means that the 
vacant ring feeding structure has delayed the phase by 90° between the dipole pair. 
A CP radiation field could, therefore, be generated by using this single feed antenna. 










Figure 6.6: Simulated surface current distribution of the proposed antenna with 
parasitic element at (a) 1.15 GHz, (b) 1.21 GHz and (c) 1.57 GHz. 
 
 
At the resonant frequency of 1.15 GHz, the current distribution on the 
parasitic element is stronger than that of higher frequencies (e.g., 1.21 GHz), which 
demonstrates that the parasitic element can be driven by the crossed dipole at a lower 
frequency band using the coupling between them.  





(a)                                                                              (b) 
 
(c)                                                                             (d) 
Figure 6.7: Simulated 3D radiation pattern of the proposed antenna with parasitic 
element at (a) 1.15 GHz. (b) 1.21 GHz. (c) 1.3 GHz. (d) 1.57 GHz. 
 
The simulated 3D radiation pattern at 1.15 GHz is given in Figure 6.7 (a). It 
can be seen that the proposed antenna is almost of the omnidirectional radiation 
pattern with a realized gain of around 1.91 dBi. From Figure 6.7 (b), the peak currents 
at 1.57 GHz are located around the top edge of the egg-loop structures, which shows 
that the antenna works at the half-wavelength dipole mode. This feature can also be 
verified from the 3D radiation pattern of the antenna (see Figure 6.7 (c)), where the 
proposed antenna has a symmetrical bi-directional radiation pattern with a realized 
gain of 2.1 dBi. 
 







    
 
(b) 
   
 
        (c) 
Figure 6.8: The fabricated antenna examples. (a) The crossed dipole at the top of 
PCB, (b) the bottom of the antenna, and (c) overall antenna with a radome. 




Having optimized the complete antenna, the prototype antenna example was 
fabricated using the parameters as given in Table 6.1. The picture of the fabricated 
antenna example is shown in Figure 6.8. The overall size of the complete antenna 
was about 64 × 64 × 10.6 mm3. Figure 6.9 depicts the measured and simulated S11 of 
the proposed antenna in an anechoic chamber. It is noted that the simulated antenna 
performance was better than the measured one over the frequency band. This was 
because the gap between the two PCBs cannot exactly be 0 mm in reality. Therefore, 
the coupling effect was reduced for the fabricated antenna prototype. 
 
Figure 6.9: Simulated and measured S11 of the proposed antenna. 
 
The measured impedance bandwidth was therefore counted from 1.016 to 
1.598 GHz (FBW = 85.8%) for S11 < -10 dB. The simulated and measured axial ratios 
of the proposed antenna are given in Figure 6.10. A reasonable agreement is obtained 
between the simulated and measured ones. The measured AR was smaller than 3-dB 




for the bands between 1.048 – 1.142 GHz, 1.150 – 1.231 GHz and 1.282 – 1.572 
GHz (FBW = 56.3%).  
 
Figure 6.10: Simulated and measured axial ratio of the proposed antenna.  
 
Figure 6.11 shows the simulated and measured radiation patterns over the 
XOZ and YOZ planes at 1.15 GHz, 1.3 GHz and 1.575 GHz. The proposed broadband 
CP antenna generated a bidirectional radiation field, i.e., the broadside radiation field 
was RHCP, while the backside radiation field was LHCP. The HPBW were found to 














Figure 6.11: Simulated and measured radiation pattern over XOZ-plane (left) and 
YOZ-plane (right) at three different frequencies. (a) 1.15 GHz. (b) 1.3 GHz. (c) 
1.575 GHz. 
 





Figure 6.12: Simulated and measured axial ratio of the proposed antenna. 
 
The simulated and measured realized gains of the proposed antenna are 
shown in Figure 6.12. It can be seen that the gain is around 1 to 3 dBi over the 
frequency band of interest. The total efficiency for all frequency band was greater 
than 80%. 
 
6.4 ARRAY DESIGN CONFIGURATION  
In this section onwards, a new method is proposed to extract the optimal complex 
weights for suppression of the jamming signals in a GNSS antenna array. As depicted 
in Figure 6.13, the controlled reception pattern antennas (CRPAs), adaptive 
antennas, null-steering antennas or beamforming antennas that specialized antenna 
that helps protect GNSS receivers from interference and jamming. 





Figure 6.13: CRPA unit is receiving satellite and jammer signals. 
 
The need is, therefore, from the antenna side, to develop miniaturized high-
performance arrays, with reduced footprints, though maintaining as much as possible 
the capabilities (i.e., gain and bandwidth) of larger arrays. The quest for small 
antennas satisfying both gain and bandwidth requirements has been an active topic 
of research over the last decades. Several miniaturization techniques have been 
proposed (for a wide review see [138]), with the use of materials having a high 
dielectric constant being one of the most common. 
 
 Moreover, in order to have a compact system, a total antenna array footprint 
miniaturization has to be achieved. The array size has, thus, to shrink, meaning that 
the single antennas will be electrically closer to each other. Such aim is by no means 
easily achieved, as higher degrees of miniaturization also imply increased mutual 
coupling and more difficult antenna matching [139]–[141]. Various efforts to solve 
this problem are found in the literature, e.g., by the means of adding a decoupling 




and matching network [142]–[144] able to decouple the coupled patterns of the 
antennas, or by using, for instance or split-ring resonators [145]–[147] to limit the 
coupling between the elements’ ports. These techniques are, however, 
manufacturing-intensive and cannot always be implemented, e.g., due to 
requirements on simplicity and versatility.  
 
6.4.1 Antenna Array Configurations and Performances 
It is necessary to understand how the design parameters affect antenna performance. 
To optimize the antenna performance, some important design parameters and their 
effects are studied. There are two designs presented in this section. In the first design, 
the five-element array antenna has been proposed (see Figure 6.14). Meanwhile, the 
second design which is a four-element array (Figure 6.21) has been proposed to have 
a compact system with a good performance.  
 
6.4.1.1 Five-elements array antenna 
 
The geometry of the proposed antenna array is shown in Figure 6.14 and Table 6.2. 
The substrate materials for the circuit board is the low-cost FR4 with a relative 
permittivity of 4.3 and a thickness of 1.6 mm.  
 
The five elements of the array are placed sequentially rotated with a phase of 
0°, 72°, 144°, 216°, and 288°. These sequentially rotated configurations produce a 
broad axial ratio bandwidth. The space between two adjacent elements is selected to 




be 80 mm, which is about 0.7 λ0, to minimize mutual coupling without substantial 
degradation of the radiation pattern by the sidelobes [148].  
 
 






Figure 6.14: Five-element antenna array configurations (a) perspective view (b) top 
view and (c) side view of the antenna. 
 
Table 6.2: Dimension of The Proposed Antenna 
Parameter Value (mm) Parameter Value (mm) 
Ly 0.5 Lz 8.0 
Lx 1.6 Lv 0.5 
 




The RF signal is fed to a 5-way power divider for each elements array. The 
antenna array scanning is simulated using CST Microwave Studio as shown in Figure 
6.15.   Each of the power divider output is then fed to an individual phase shifter for 
each antenna element of each element array where various phase progression was 
made to enable beam steering. The phase shifter outputs are finally connected to the 
antenna array.  
 
 
Figure 6.15: Array scanning setup for five elements array in CST MWS. 
 
The antenna array covers the frequency range of 0.974 – 2.342 GHz as shown 
in Figure 6.16. The antenna has a total efficiency greater than 90% throughout 0.971 
– 2.15 GHz and below 3-dB axial ratio for the entire frequency band as shown in 
Figure 6.18 and Figure 6.19.  







































Figure 6.16: Simulated reflection coefficients of the proposed antenna.  
 











































Figure 6.17: Simulated transmission coefficients of the proposed antenna. 
 




Figure 6.18: Simulated axial ratio of the proposed antenna. 




































Figure 6.19: Simulated total efficiency of the proposed antenna. 
 


























































Figure 6.20: Simulated realized gain of the proposed antenna. 
 
6.4.1.2 Four-elements array antenna 
 
To make it more compact, the design is improved by minimizing the number of 
element and size of the antenna. In Figure 6.21, the four elements of the 2 × 2 arrays 
are placed sequentially rotated with a phase of 0°, 90°, 180°, and 270°. These 
sequentially rotated configurations produce a broad axial ratio bandwidth. The space 
between two adjacent elements is selected to be 80 mm, which is about 0.7 λ0, to 
minimize mutual coupling without substantial degradation of the radiation pattern by 
the sidelobes [148].  





(a)                                                         (b) 
 
(c) 
Figure 6.21: Four-element antenna array configurations (a) perspective view (b) top 
view and (c) side view of the antenna. 
 
Table 6.3: Dimension of The Proposed Antenna 
Parameter Value (mm) Parameter Value (mm) 
Ly 0.5 Lz 8.0 
Lx 1.6 Lv 0.5 
 
The antenna array covers the frequency range of 0.959 – 2.333 GHz as shown 
in Figure 6.23. The antenna has a total efficiency greater than 90% below 3-dB axial 
ratio for the entire frequency bands as shown in Figure 6.24 and Figure 6.25 
respectively.  
 




The RF signal is fed to a 4-way power divider for each elements array. The 
antenna array scanning is simulated using CST Microwave Studio as shown in Figure 
6.22.   Each of the power divider output is then fed to an individual phase shifter for 
each antenna element of each element array where various phase progression was 
made to enable beam steering. The phase shifter outputs are finally connected to the 
antenna array.  
 
Figure 6.22: Array scanning setup for four elements array in CST MWS. 
 



































Figure 6.23: Simulated reflection coefficient of the proposed antenna. 


























Figure 6.24: Simulated axial ratio of the proposed antenna. 
 







































Figure 6.25: Simulated total efficiency of the proposed antenna. 
 




























Figure 6.26: Simulated total efficiency of the proposed antenna. 




6.5 ANTENNA PERFORMANCES 
To prove the effectiveness of the proposed antenna for interference in practical 
applications, the performance of the antenna presents in this section. Here the aim is 
to evaluate the effect of mutual coupling in the null steering process. For this 
purpose, the simple 4-elements GNSS array designed in previous sections is 
considered. The jammer is assumed to be located at φ j = 90° and θj = 90° with a 
jammer to signal ratio (JSR) of 30 dB. Notice that since the GPS signal is below the 
noise floor, the JSR can be considered as the jammer to noise ratio, also. Moreover, 
we consider the white Gaussian noise with σ2n = 0.001 in the simulations.  
 
Figure 6.27: Antenna array with ideal (point source) and real radiation pattern. 
 
 








Figure 6.28: GPS Antenna array with point sources and real radiation patterns for 
SJR=30 dB, SNR=-20 dB and σ = 0.001. The jammer is placed at φj = 90° and θj = 
90°. a) φ-plane with θj = 90° b) θ-plane with φj = 90°. 
 
 




The results of using these two complex weight vectors are depicted in φ-plane 
with θj = 90° (Figure 6.28(a)) and θ-plane with φj = 90° (Figure 6.28(b)). It can be 
seen clearly that mutual coupling affects the antenna performance, significantly. In 
the real case where the mutual couplings are considered, the jammer signal is 
encountered with more than 50 dB null depth, while it is low in the ideal case and 
maybe not acceptable. These results clarify the importance of mutual coupling in the 
extraction of the complex weight vector. 
 
6.5.1.1 Multi Jammers 
 
As it is well known, an array with N elements can reject N-1 jammer sources. 
Therefore, the method with 2, 3 and 4 jammer sources which have the same JSR as 
30 dB is evaluated. The jammer sources locations in these three scenarios are 
tabulated in Table 6.4, and the corresponding simulation results are shown in Figure 
6.30. It can be seen that the proposed method can create a proper null in the direction 
of jammer sources to reject their power.  
 
Table 6.4: The Jammer Source Locations in Three Different Scenarios 
Jammer Sources 
Scenarios 
Jammer Source Locations 
2- Jammer (20°, 0°), (20°, 300°) 
3- Jammer (20°, 0°), (20° ,300°), (60°, 215°) 














Figure 6.29: Array patterns after null steering with SJR = 50 dB for different 
jammer locations reported in Table 6.4.  
(a) 2- jammers (b) 3- jammers (c) 4-jammers. 
 








Figure 6.30: GPS Antenna with different signal to jammer ratio for SNR = -20 dB 
and σ = 0.001. The jammer is placed at 𝜑𝑗 = 45° and 𝜃𝑗= 45° (a) φ-plane with 𝜃𝑗 = 
45° (b) θ-plane with 𝜑𝑗 = 45° 
 
 
Moreover, it can be seen that the null depth is highly related to the number of 
jammer sources. In other words, the results show that although the null depth is good 




enough in all scenarios, the null depth in the 2-jammer source scenarios is much 
higher than the 3 and 4-jammer source. To achieve more null depth with constant 
jammer sources, the number of array elements can be increased. 
 
6.5.1.2 Jammer to Signal Effects 
 
 
Since the proposed method works based on the array minimization, it is expected 
that JSR enhancement can help more to recognize the jammer signals from the noise. 
To show this fact, one jammer source in 𝜑𝑗 = 45° and 𝜃𝑗  = 45° with three different 
JSR as 30, 20 and 10 dB is considered. The simulation results are shown in φ-plane 
for 𝜃𝑗  = 45° (Figure 6.30 (a)) and θ-plane for 𝜑𝑗 = 45° (Figure 6.30 (b)). As can be 
seen, the null depth is related highly to the JSR. For example, we have about 60 dB 
null depth for JSR = 30 dB, while it is about 40 dB for JSR = 20 and only about 25 
dB for JSR = 10 dB. 
 
6.6 SUMMARY 
This chapter presents a new antenna array configuration combining a 4-elements 
antenna array and a 5-elements antenna array to provide wide coverage. The anti-
jamming performance of the antenna with respect to differently polarized jammers 
as well as its positioning capability are also presented.  All the results have 
demonstrated that the antenna is an excellent candidate for the GNSS application. 
 




 An anti-jamming GNSS antenna was designed in this section. The designed 
antenna array was formed by four elements antenna in planar array geometry. The 
null steering method was performed by using the exact active element patterns of the 
array antenna. These patterns include the mutual coupling effect and the nearby 
antenna scatterer such as holder which increase the antenna performance to deal with 
the jammer sources which was not considered in the literature based on the author 
knowledge. Moreover, the proposed method can be easily used in conformal array 
structures due to using active antenna pattern in the method. The simulation results 










CHAPTER 7:  
CONCLUSION AND RECOMMENDATIONS 
The overarching questions that this thesis tries to answer are:   
 
1) How to design compact, low profile and yet efficient CP antenna to deliver a 
GNSS application with high performance and wide frequency coverage?   
2) How to design compact antenna arrays to meet the ever- increasing demand for 
wide coverage and wide bandwidth for anti-jamming GNSS applications?  
 
In the first part, this thesis provided an overview of state of the art and extended the 
understanding of GNSS systems and fundamentals from an antenna and propagation 
perspective to propose and design a new and interesting compact antenna.  In the 
second part, requirements of the compact GNSS antennas have been analyzed and 
various designs have been proposed to achieve these stringent requirements. The 
requirements included wide bandwidth, wide coverage, CP capability and low cost 




of production. In this chapter, the contributions of this thesis to the development of 
novel antennas are summarized. Section 7.1 provides a summary of the research 
work. The key contributions of this thesis are discussed in Section 7.2. Some 
suggestions for future work are discussed in Section 7.3. 
 
7.1 CONCLUSION 
This thesis sets out to explore appropriate miniaturization methods for reducing the 
size of antennas for GNSS systems.  The motivation for this study stems from the 
desire to develop a compact GNSS antenna that would provide a broad bandwidth at 
GNSS frequency bands which is from 1.1 GHz to 1.6 GHz. CP was desired with an 
axial ratio of less than 3dB over each band, with a minimum gain of 0 dBi.  Due to 
the requirements of bandwidth, CP with the low axial ratio, and gain, many 
miniaturization methods fail to meet the required performance. 
 
In Chapter 1, the problem was defined, and the motivation of this research 
was discussed. The objectives of the study were defined with the goal of developing 
a compact circularly polarized antenna for GNSS applications. In Chapter 2, an 
overview of the studies of antennas for target application of GNSS systems been 
presented. Some important techniques for anti-jamming have been discussed in 
detail.  
 
Following a thorough investigation of the limitations of the existing designs 
and understanding the antenna fundamentals, an overview of the current state of the 




art of the GNSS receiver antenna designs has been introduced in Chapter 3. The 
knowledge and prior work presented in this chapter could help readers to understand 
state of the art in antenna designs and also realize the research challenges of this 
topic. It should be valuable for researchers who are presently working on this topic 
and who are going to investigate this area in the near future. 
 
In Chapter 4, the study was focused on the design of a crossed-dipole antenna 
with parasitic elements. This broadband antenna demonstrates a significant 
improvement on bandwidth and radiation pattern by using the parasitic elements and 
loaded monopoles that are excited by coupling with the elliptical crossed dipole in 
the center of the antenna. The structure of the antenna is compact and unique. The 
dimension of the antenna is 90 mm × 90 mm × 15.5 mm which is small and compact. 
The proposed antenna has a bandwidth of 1.06 to 1.671 GHz (611 MHz) for 
impedance matching |S11| < -10 dB, and 1.093 to 1.257 GHz (164 MHz) and 1.542 
to 1.666 GHz (124 MHz) for an AR < 3-dB. All the results have been demonstrated 
that the antenna is an excellent candidate for the GNSS application. 
 
In Chapter 5, a new way of designing a dual-band CP antenna by integrating 
a CP radiator with a finite AMC surface were introduced and their application in 
protecting dipole antenna from metallic objects was reviewed. The antenna 
demonstrates a low-profile broadband characteristic and excellent CP radiation for 
GNSS frequency bands. The size of the AMC surface was a crucial factor in defining 
the original and additional operating CP bands of the antenna. The measured results 
of the proposed design with a size of 100 × 100 × 10 mm3 FR-4 material AMC and 
yielded an impedance bandwidth of 1.196 to 2.176 GHz for the |S11|<–10dB and 3-




dB AR bandwidths of 1.148 to 1.761 GHz. Meanwhile, the measured results of the 
proposed design with a size of 100 × 100 × 12.7 mm3, Rogers RT6006 material AMC 
and yielded an impedance bandwidth of 1.153 to 2.36 GHz for the |S11|<–10dB and 
3-dB AR bandwidths of 1.170 – 1.970 GHz. Additionally, the proposed antenna 
exhibited RHCP and high radiation efficiency (> 90%) in both bands. With a low 
profile, broadband characteristics, and high radiation efficiency, the proposed 
antenna could be widely applied to dual-band GNSS applications as well as in many 
other kinds of satellite communications. 
 
In Chapter 6, this chapter also presents a new antenna array configuration 
combining a 4-elements antenna array and a 5-elements antenna array to provide 
wide coverage. The anti-jamming performance of the antenna with respect to 
differently polarized jammers as well as its positioning capability are also presented.   
 
7.2 LIMITATION AND FUTURE WORK 
Based on the conclusions above and considering the limitations of the work existed, 
many directions for further improvement and development present themselves.  The 
following topics provide potential short-term and long-term directions for future 
work.   
 
• As these systems become more established and integrated into mainstream 
receivers, so will the jammers designed to impede the receivers’ 
performance. Therefore, it is recommended that this work be expanded in 




addition to bearing in mind a unified jamming detection platform that 
operates on multi-GNSS receivers.  Modifications to the methods proposed 
in this thesis should be applied when considering other GNSSs, nonetheless, 
the approaches and the methodologies followed remain similar. It is 
foreseeable that the application of this research to different GNSSs will pose 
different challenges depending on the signals under study. 
• Decoupling techniques to improve the antenna array isolation needs to be 
explored for miniaturization of antenna arrays. 
• It is challenging to implement a broadband antenna element in an array 
configuration. The spacing between the adjacent antenna elements needs to 
be optimized for both the frequency bands. If the antenna element spacing is 
set as 0.5 λ for the higher band, the isolation performance for the lower band 
becomes poor. If the antenna element spacing is around 0.5 λ for the lower 
band, the increase in the grating lobes reduces the realized gain in the higher 
band. Using appropriate dummy parasitic elements could be a solution for 
this issue and needs further study. 
• For the case of a single-element antenna, this could be done by collecting live 
data from a differential GNSS receiver and post-processing it in order to 
estimate antenna-induced biases. These biases could then be compared to 
chamber measurements. This would confirm that the calibration is of 
sufficient quality despite environmental effects and other sources of 
uncertainty. 
• In the case of an antenna array, STAP hardware would be required; however, 
it would offer considerable credibility to the proposed approach. 
 




The future work in GNSS antenna application is not limited to the works proposed 
in this thesis. Vastly broadened spectra and constellations of over 100 MEO and 
GEO satellites in GNSS are game-changing events that are reshaping antenna 
requirements toward much broader bandwidth and higher cutoff elevation angle. 
They pose new challenges not faced by conventional GPS and give rise to new 
features and applications as well as cost structures. For size reduction, the slow-wave 
technology appears to be a practical solution for applications from handheld to 
medium platform but needs considerable research. For pattern control, in particular 
higher cutoff angle above horizon, use of metamaterial will be pursued by some, 
especially for medium and large platforms. Smart antenna techniques will be 
developed to enhance performance in small and handheld platforms in the 
increasingly noisier terrestrial environment. There is no doubt an exciting future is 
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